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ABSTRACT 
STUDIES OF EXOGENOUS HORMONE APPLICATION TO APPLE 
IN RELATION TO FLOWERING, FRUIT SET, AND FRUIT QUALITY 
FEBRUARY 1991 
ROBIN A. COHEN, B.S., RUTGERS UNIVERSITY 
M.S., CORNELL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Duane W. Greene 
Experiments were initiated to determine if calcium (Ca) acted as a 
'second messenger' mediating hormone response in apple. Benzyladenine 
(BA) and gibberellins GA4 or GA4/7 were applied alone or in combination 
with either verapamil or trifluoperazine, as a foliar spray or by 
injection into the calyx end of 'Delicious' around two weeks after full 
bloom. There were few gibberellin and Ca modifier interactions. It is 
concluded that if Ca is acting as a 'second messenger' in mediating 
hormone response, its contribution is peripheral at best. 
Experiments were conducted to examine the relationship between 
flowering and fruit set in apple and endogenous levels of polyamines in 
developing fruit and leaves. Cytokinin (BA), gibberellins (GA4, GA7, 
GA4/7) and 92 percent shade were used to modify flowering and fruit set. 
In addition, in experiments with 'Cortland' and 'Idared', differences 
between fruit on the same cluster were evaluated. In general, 
polyamines within the developing fruit decreased with fruit development. 
Spermidine was the predominant polyamine, followed by putrescine and 
then spermine. Small fruit in a cluster generally contained higher 
levels of polyamines than large or abscising fruit. No relationship was 
v 
found between endogenous polyamines and flower bud initiation. In 
'Cortland', 'Golden Delicious', and 'Idared', peaks occurred in 
putrescine and spermine content in developing fruit just prior to 
abscission peaks associated with 'June drop'. A cyclic pattern of 
putrescine in small 'Idared' fruit may be related to natural abscission 
waves in apple. Putrescine and spermidine levels in 'Idared' leaves 
were reduced with a 92 percent shade treatment. 
Two experiments were initiated to examine the relationship between 
exogenous hormone application and exogenous levels of cytokinins in 
developing apple leaves. A foliar application of BA produced a 48-fold 
increase in trans-zeatin riboside-like activity in developing leaves. 
vi 
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CHAPTER I 
INTRODUCTION 
The primary objective of these studies was to gain a better 
understanding of the mechanism of flowering and fruit set in apple. 
Four individual approaches were used: the involvement of calcium in 
hormone response in apple, the involvement of polyamines in flowering in 
apple, the involvement of polyamines in fruit abscision in apple, and 
the interaction between gibberellins and cytokinins in apple. 
A series of experiments was conducted to examine how exogenous 
application of gibberellins and cytokinins influence flowering and fruit 
set in apple. Research focused on four areas of investigation. The 
first area explored was the involvement of Ca as a 'second messenger' in 
hormone response (Hepler and Wayne, 1985; Poovaiah, 1985; Poovaiah et 
al., 1987; Trewavas, 1985). The second was the involvement of 
polyamines in hormone response. Polyamines also have been recently 
implicated as a 'second messenger' (Smith, 1985), and are considered 
active regulators of plant growth (Galston, 1983; Galston and Kaur- 
Sawhney, 1987a). The third area was fruit abscision in relation to 
polyamine levels in fruit and leaves. Recently, Biasi et al., (1988) 
found that abscision peaks associated with 'June drop' followed peaks in 
putrescine and spermine in developing apple fruit. The fourth area was 
the effects of growth regulator application on cytokinin levels in 
developing leaves. Leaves may be an important source of 'natural' 
cytokinins in apple, due to the high amount of activity found there 
(Greene, 1975). 
1 
The involvement of Ca in gibberellin and cytokinin response in 
apple was studied by chemical manipulation of calmodulin binding and Ca 
channel transport. As a cell is stimulated by a plant hormone, 
cytosolic Ca2+ levels are increased/decreased by opening Ca2+ channels 
in the plasma membrane or by changing the properties of the Ca2+ 
transport mechanism (Hanson, 1983; Marme, 1986; Poovaiah, 1985; Poovaiah 
and Reddy, 1987). The change in cytosolic Ca2+ is considered the 
primary triggering event. 
Direct manipulation of cytosolic-free Ca concentration is 
difficult (Cork, 1986a, 1986b; Thomas, 1986) therefore, cytosolic-free 
Ca was modified indirectly. The Ca transport inhibitor, verapamil was 
selected due to its strong response in cytokinin-induced bud formation 
in Funaria (Saunders and Hepler, 1982; 1983). Verapamil would inhibit 
Ca2+ uptake through defined pathways in the plasma membrane (Triggle, 
1982) and in turn alter hormone response in apple. The second chemical 
used in these studies was trifluoperazine (TFP), a calmodulin-binding 
inhibitor. TFP also had strong response in cytokinin-induced bud 
formation in Funaria (Saunders and Hepler, 1982; 1983). TFP acts by 
reducing Ca2+ interaction with calmodulin, by interacting with the 
hydrophobic region on the Ca2+-calmodulin complex (Triggle, 1982), and 
in turn possibly altering hormone response in apple. 
Polyamines have been implicated in many plant growth and 
developmental processes. In general, rapid cell growth and cell 
division are associated with high polyamine content in tissue (Galston 
and Kaur-Sawhney, 1987a). Flower bud initiation in apple can be 
increased (Costa and Bagni, 1981, 1983; Edwards, 1986) or decreased 
(Costa et al., 1986) through the exogenous application of polyamines. 
2 
Gibberellins are effective inhibitors of flower bud formation in apple 
(Dennis and Edgerton, 1966; Greene, 1989; Greenhalgh and Edgerton, 1967; 
Guttridge, 1962; Meador and Taylor, 1987; and Marcell and Sironval, 
1963) . Cytokinins have been demonstrated to increase flower bud 
formation in apple (Hoad, 1980; McLaughlin and Greene, 1984; Ramirez and 
Hoad, 1979). It was hypothesized that gibberellins may be decreasing 
flower bud formation and cytokinins enhancing flowering by altering 
endogenous polyamine levels in developing fruit and leaves. Experiments 
were established which examined polyamine levels in fruit and leaves 
during the course of fruit development after the exogenous application 
of gibberellins and/or cytokinins. 
Abscision associated with 'June drop' may be different from that 
promoted by chemical thinner application and other thinners (Williams, 
1979) . Chemical reduction of fruit set through the use of the cytokinin 
benzyladenine (BA) (Greene and Autio, 1989) has been documented in 
'McIntosh'. Shading apple trees also has been reported to reduce fruit 
set (Auchter et al., 1926; Byers et al., 1985, 1990; Gardner et al., 
1949; Polomski et al, 1988). Shading is a nonchemical means of 
regulating fruit set. Experiments were established to examine the 
effect of chemically thinning apples and physically thinning apples, 
through the use of shade, on polyamines levels within developing fruit 
and leaves. 
Polyamines are involved in a wide range of plant processes (Evans 
and Malmberg, 1989). Polyamine levels have been followed in a number of 
plants and plant parts (Evans and Malmberg, 1989; Galston, 1983). 
However, there are only a few reports in apple (Biasi et al., 1988; Wang 
and Faust, 1986; Wang and Steffens, 1985; Wang et al., 1986). A 
3 
reduction in apple fruit growth has been observed prior to visual sign 
of fruit abscision (Magein, 1989; Zucconi, 1981) and smaller fruit are 
more likely to abscise than larger fruit (Dennis, 1986). Therefore, is 
a difference in polyamine levels between different fruit on the same 
cluster accounting for this reduction in fruit growth? To examine this, 
three different fruit types were collected on the same cluster, the 
largest, the smallest, and when the fruit started to show signs of 
abscision, the abscising fruit. 
Gibberellins inhibit flowering (Dennis and Edgerton, 1966; Greene, 
1989; Greenhalgh and Edgerton, 1967; Guttridge, 1962; Meador and Taylor, 
1987; and Marcell and Sironval, 1963) and cytokinins promote it in apple 
(Hoad, 1980; McLaughlin and Greene, 1984; Ramirez and Hoad, 1979). It 
has been documented that cytokinin application inhibits gibberellin 
biosynthesis (Coolbaugh, 1984). Gibberellins are formed through the 
isoprenoid biosynthetic pathway (Birch et al., 1958, 1959; Cross et al., 
1962, 1964). Several points of divergence occur in this pathway, 
leading to other important groups of compounds, one of which is 
isopentenyl pyrophosphate, a substrate for side chains of cytokinins 
(Coolbaugh, 1983). It is also possible that the converse may be true. 
Exogenous gibberellin application may inhibit endogenous cytokinin 
formation in apple by slowing down the isoprenoid biosynthetic pathway, 
preventing isopentenyl pyrophosphate formation, and therefore cytokinin 
formation. 
4 
CHAPTER II 
LITERATURE REVIEW 
Gibberellins 
Gibberellins (GAs) are diterpenoid acids that have a basic ent- 
gibberellane skeleton (Cross et al., 1958; Crozier, 1983; Sponsel, 
1987). They posses either 19 or 20 carbon atoms. The carbon-20 in C20- 
gibberellins, is either a CH3, CH20H, CHO, or COOH group. There are 
many possible structural modifications. Gibberellins may also exist as 
conjugates. The most common naturally occurring conjugates are those in 
which glucose is linked as an ether or ester to the gibberellin molecule 
(Knofel et al., 1984; Takahashi et al., 1986). As of 1987, 72 naturally 
occurring free gibberellins have been identified in plant and fungal 
tissue (Sponsel, 1987). The use of cell-free systems has helped 
researchers elucidate the steps involved in gibberellin biosynthesis. 
Gibberellin Biosynthesis in Higher Plants 
There are at least three generally-accepted sites of gibberellin 
biosynthesis in higher plants (Graebe and Ropers, 1978; Sponsel, 1987): 
in developing fruit or seeds (Baldev et al., 1965; Turnbull et al., 
1985), elongating shoot apical regions (Jones and Lang, 1968; Lockhart, 
1957) and in roots (Jones and Phillips, 1966; Sitton et al., 1967). 
Enzymes which can convert mevalonic acid to a C19-GA or C20-GA have been 
isolated from young fruit and seeds (Graebe et al., 1974; Kamiya and 
Graebe, 1983; Ropers et al., 1978). Evidence for gibberellin 
biosynthesis occurring in shoots or roots is not as clear because it is 
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based upon relatively indirect measurements of gibberellins extracted or 
diffused from tissues (Coolbaugh, 1985; Sponsel, 1987). 
Birch et al., (1958, 1959) demonstrated that gibberellins are 
formed through the isoprenoid biosynthetic pathway. Mevalonic acid is 
first converted via the terpenoid pathway to geranylgeranyl 
pyrophosphate (GGPP) (Graebe, 1987; Graebe and Ropers, 1978). GGPP is 
cyclized to ent-kaurene in two steps via the intermediate copalyl 
pyrophosphate by the enzyme ent-kaurene synthetase (Graebe, 1987). Ent- 
kaurene is thought to be the first committed intermediate in gibberellin 
biosynthesis (Coolbaugh, 1985). The pathway from ent-kaurene to GA^- 
7-aldehyde is thought to be universal in all plants (Graebe, 1987). The 
methyl group of carbon-19 of ent-kaurene is oxidized in the sequence CH3 
-> CH2OH -> CHO -> COOH, to yield ent-kaurenol, ent-kaurenal and ent- 
kaurenoic acid, respectively (Graebe et al., 1980; Ropers et al., 1978; 
Sponsel, 1987). Ent-kaurenoic acid is hydroxylized at the 7/3-position 
to yield ent-7a-hydroxykaurenoic acid. At this point the pathway 
branches to yield two products, GA^-aldehyde (Hanson and Hawker, 1969; 
Hanson and White, 1971) or ent-6a,7a-dihydroxykaurenoic acid (Graebe, 
1987; Sponsel, 1987). Ent-6a,7a-dihyroxykaurenoic acid can not be 
converted to gibberellins. GA^-aldehyde is the precursor for all other 
gibberellins. 
The conversion of GA^-aldehyde to other gibberellins differs 
between genus. Numerous pathways for gibberellin biosynthesis in 
several species have been elucidated through the use of cell-free 
systems. It is suggested that the Cl9- gibberellins may have the highest 
biological activity (Graebe, 1987; Sponsel, 1987). 
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Naturally Occurring Gibberellins in Apple 
Extraction of endogenous gibberellins in apple was accomplished in 
the mid 1960s. Dennis and Nitsch (1966) isolated gibberellins GA4 and 
GA7 from immature seeds of 'Golden Delicious' fruits. This was later 
confirmed by Luckwill et al. (1969) and Sinska et al. (1973). Sinska et 
al. (1973) also reported that mature, dormant, and stratified seeds 
contained GA4, GA7, and GA^ These findings were later questioned by 
Hoad et al. (1981) who found that there was an absence of GA4 and GA7 in 
mature apple seeds. Eleven gibberellin and gibberellin derivatives in 
addition to GA4 and GA7 have been isolated from immature seeds (Hoad, 
1978; Hoad et al., 1978). These are: 9,11-dehydro-GA4, 15/3-OH-GA4, iso- 
GA7, 15/?-OH-GA7, GA9, GA^, 13-OH-GA^, GA^, GA17, GA20, and GA^. Kondo and 
Mizuno (1989), found that the level of gibberellin-like substances in 
the seeds of 'Fuji' and 'Starking Delicious' increased 23 days and 42 
days after full bloom, respectively. In 'Starking Delicious' this 
coincided with the end of early fruit drop. The authors suggest that 
gibberellins in seeds are closely associated with early fruit drop and 
fruit growth. 
Gibberellins and gibberellin-like activity also have been observed 
in the transpiration stream (Jones and Lacey, 1968) and in fruit flesh 
of apple (Dennis, 1976). Hayashi et al. (1968) reported that 
parthenocarpic apple fruits contained GA3. Gibberellin-like activity 
was found to be high in 'Jonathan'/20 cm M 8 interstock/Alnarp-2 
rootstock (dwarfing) stems at the tight flower cluster stage and 
decreased gradually over the next two months as compared to 
'Jonathan'/seedling (vigorous) (Robitaille and Carlson, 1976). 
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Measurement of seasonal levels of gibberellin in apple seeds 
showed that maximum gibberellin activity occurred 9 weeks after full 
bloom, when the embryo had attained 90-95% of its final length (Luckwill 
et al., 1969). Little gibberellin activity was detected prior to 6 
weeks post-bloom although an unidentified hormone was detected, soluble 
in 30 percent methanol. This hormone did not have either gibberellin- 
or auxin-like activity. A second unidentified substance, soluble in 80 
percent methanol, which did not have either gibberellin- or auxin-like 
activity, reached its peak 13 weeks after full bloom, a time when 
gibberellin activity was rapidly disappearing. It was suggested that 
these unidentified 'hormones' may be intermediates in the biosynthesis 
or biodegradation of gibberellins. Marino and Greene (1981) found that 
changes in peak gibberellin activity in seeds and diffusates did not 
correlate well with gibberellin activity in fruiting spurs. Fukui et 
al. (1985) found that gibberellin activity in seeds of potential drop 
fruit was lower than that of potential persistent fruit, suggesting that 
a decline in gibberellin activity may be related to early fruit drop. 
Early Work with Gibberellin Application to Apple 
Early work with gibberellin application to apple elicited a wide 
range of responses. Research was primarily conducted with gibberellic 
acid (GA3) . Powell et al. (1959) noted that shoot growth was increased 
in one-year old seedlings only when 1000 mg-liter'1 GA3 was applied for 
33 or 17 applications over a 16 week period. Using lower rates of GA3 
(100 or 300 mg-liter'1), Marcell and Sironval (1963) obtained greater 
growth and more lateral shoots on mature 'Golden Delicious'. The 
following spring, treated mature trees formed more flower buds. This 
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was attributed to an increase in lateral shoots per tree. However, when 
trees were adjusted for greater lateral branching there was actually a 
decrease in the capacity for buds to form flowers following GA3 
application. In an earlier study, bloom and post-bloom applications at 
10 or 100 mg-liter'1 GA3 on mature bearing 'Jonathan', 'McIntosh', 
'Northern Spy' and 'Wealthy' did not affect flowering or fruit set the 
following year (Hull and Lewis, 1959). 
Gibberellin GA3 increased parthenocarpic fruit set in apple 
(Davison, 1960). Although fruit set was initially high, a heavy fruit 
drop occurred 5 to 7 weeks following treatment. Treated 'Red Jersey' 
were noticeably more elongated with a prominent calyx. Treated fruit 
were in general only slightly smaller than control fruits. However, 
fruit produced by GA3 application to emasculated 'Cox's Orange Pippin' 
flowers were only half the size of seeded fruit. Dennis and Edgerton 
(1962) , reported that GA3 treatment reduced final yields but the final 
fruit size was similar to that of control fruits. 
Gibberellin GA4 was much more effective than GA3 at increasing 
parthenocarpic fruit retention (Bukovac, 1963) when applied to 
emasculated flowers. A butycellosolve ester of GA3 caused initial fruit 
enlargement but it failed to sustain fruit development. Cultivars 
responded differently to GA4 application. Parthenocarpic fruit of 
'Jonathan' and 'Rhode Island Greening' all abscised within 55 days. 
Parthenocarpic 'Golden Delicious' apples were smaller than control fruit 
whereas 'Sops-of-Wine' and 'Wealthy' produced fruit of comparable size 
to that of seeded controls. Varga (1966) reported that GAX, GA2, GA4, 
and GA7 applied to emasculated flower buds at 100 mg-liter'1 promoted 
parthenocarpic fruit set in the cultivar 'Lombartscalville' but not in 
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the cultivars 'Golden Delicious' and 'Winston'. Using a higher 
concentration of gibberellin (800 mg-liter'1) he was able to increase the 
percentage of parthenocarpic fruits. Hull and Lewis (1959) found that 
application of GA3 to fertilized flowers did not affect fruit size or 
set during the current season. Although most earlier works suggest a 
strong parthenocarpic response of apple to GA3, some later work failed 
to produce these responses (Kotob and Schwabe, 1971; Modlibowska, 1972). 
Gibberellins and Apple Fruit Set and Development 
In 1966, Dennis and Nitsch isolated gibberellins GA4 and GA7 in 
immature apple seeds. Subsequently, extracts made from immature 
'Wealthy' apple seeds induced parthenocarpy when applied to unpollinated 
'Wealthy' flowers (Dennis, 1967). He suggested that gibberellins in 
seeds were in part responsible for apple fruit set and development. 
When 'Spencer Seedless', a facultative parthenocarp, was hand- 
pollinated, gibberellins in the diffusate also increased (Hoad and 
Donaldson, 1978). This hypothesis is further supported by a positive 
correlation between seed number and fruit size (Williams, 1979). 
Application of gibberellins can act as a substitute for seeds in 
stimulating fruit development (Davison, 1960; Bukovac, 1963; Bukovac and 
Nakagawa, 1967, 1968; Modlibowska, 1972, 1975). However, the best 
results in producing parthenocarpic fruits were obtained with GA4 and 
GA7 (Bukovac and Nakagawa, 1967) perhaps because these are the 
gibberellins inherent in seeds. 
Stimulation of fruit growth by seeds is quite localized and often 
leads to asymmetric growth (MacDaniels and Heinicke, 1929; Roberts, 
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1946). Asymmetric fruit growth has been observed with localized 
gibberellin application (Bukovac and Nakagawa, 1968). 
Gibberellin application to open pollinated flowers has been 
reported to increase (Edgerton, 1981; Greene, 1989; Luckwill and Silva, 
1979), decrease (Eccher and Boffelli, 1981; Greene, 1989; Taylor, 1975; 
Wertheim, 1982) or have no effect (Edgerton, 1981; Stembridge and 
Morrell, 1972; Wertheim, 1982) on fruit set. Application of GA3, GA4 
and GA4/,7 to open pollinated apples, elongated fruit and increased the 
length to diameter ratio (Kondo, 1989; Martin et al., 1970; Stembridge 
and Morell, 1972; Westwood and Bjornstad, 1968; Williams and Letham, 
1969; Williams and Stahly, 1969). Gibberellins GA4/7 were found to have 
inconsistent effect on crown development (Greenhalgh et al., 1977). 
Kondo (1989) found that an application of GA4 inhibited fruit 
abscision. Gibberellin GA4 applied to 'Starking Delicious' trees one 
day before they received a fruit abscision-promoting shade treatment 
from either 20 to 28 days after full bloom or 29 to 38 days after full 
bloom, reduced fruit abscision by 70 or 95 percent respectively. 
Gibberellins and Flower Bud Initiation in Apple 
There is strong evidence to suggest that gibberellins in seeds may 
inhibit flower bud initiation. Chan and Cain (1967) found that spurs 
bearing seeded fruit had greatly reduced numbers of flowers on them the 
following year. Spurs which contained parthenocarpic fruit formed 
flowers as readily as spurs where the flowers had been removed. Hoad 
and Donaldson (1978) found that more gibberellin diffused from the end 
of the fruit stalk in apples if the tree was strongly biennial than if 
it flowered more regularly. 
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Gibberellins inhibit return bloom (Dennis and Edgerton, 1966; 
Greene, 1989; Greenhalgh and Edgerton, 1967; Guttridge, 1962, Meador and 
Taylor, 1987; Marcelle and Sironval, 1963). There is evidence to 
suggest that GA7 rather than GA4 inhibits flower bud formation. A full 
bloom spray of GA4 had no effect on subsequent flower bud formation 
(Tromp, 1982), whereas GA7 reduced flowering when applied alone or in 
combination with GA4 2 to 4 weeks post-bloom. GA4 promoted off-year 
flowering on spur-type 'Golden Delicious' (Looney et al., 1985). 
However, Marino and Greene (1981) believed that while gibberellin 
activity in seed production and diffusion of gibberellins to spurs was 
important in regulating flowering in apple, it was probably not the only 
growth substance/factor doing so. 
Although flower bud initiation is reduced with early application 
of gibberellins, fruit set does not always decrease the following year. 
Modlibowska (1972) found that fruit set was increased on buds that had 
been treated with a 2000 mg-liter'1 application of GA4/7 (1:1 mixture) the 
previous year, although capacity for the buds to become floral had been 
reduced. Trees with less bloom usually set heavier (Heinicke, 1917; 
Silva et al., 1980). 
Gibberellins and Apple Russeting 
Russeting of apple fruits may lower their value (Taylor, 1975; 
Wertheim, 1982; Taylor and Knight, 1986). The cultivar 'Golden 
Delicious' is particularly susceptible to this disorder. Gibberellins 
GA4/7 are used commercially in low concentrations to control apple skin 
russeting. In Holland, commercial recommendations are to spray Ga4/7 (5 
to 10 mg-liter'1) at petal fall, then 2 to 3 more times at 7 to 10 day 
12 
intervals (Wertheim, 1982). Elfving and Allen (1987) suggest that fewer 
spray applications of GA4/7 may have commercial potential for North 
American growers. A foliar spray at or near petal fall of GA4/7 resulted 
in less skin russet on the cultivars 'Jonathan' and 'Golden Delicious' 
(Taylor, 1975). The closer the application to petal fall, the better 
the protection against russeting (Taylor, 1978; Taylor and Knight, 
1986) . Eccher and Boffelli (1981) found the greatest reduction in 
russet by treating fruitlets 8 to 15 days post-bloom. Repeated 
applications of GA4/7 have been found to be superior to single treatment 
(Elfving and Allen, 1987). Wertheim (1982) suggests that it may be the 
GA4 component of the GA4/7 mixture that is controlling the russeting. 
Since it has been demonstrated that GA7 reduced subsequent flower bud 
formation (Tromp, 1982), a spray application that has little or no GA7 
may be more desirable. Gibberellin GA3 has been reported to be only 
slightly effective in controlling apple russet, and only at higher 
concentrations of 100 to 200 mg-liter'1 (Taylor, 1978; Wertheim, 1982). 
Fruitlets from a russet 'Golden Delicious' sport had lower 
gibberellin content than those from a standard 'Golden Delicious' 
(Eccher, 1978). It was found that lowland fruit, which are more 
susceptible to russet, also had a lower gibberellin content as compared 
to fruitlets from orchards at higher altitudes which are less 
susceptible to russet (Eccher, 1986). Lowland fruit also have been 
observed to be more round, and upland fruit more elongated. Therefore, 
Eccher (1986) proposed that it is the gibberellin content of the fruit 
which inhibits russeting. This suggests that gibberellin content is 
influenced by environmental factors. Taylor and Knight (1986) believed 
that the primary effect of GA4/7 treatment was the alleviation of stress 
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within the fruitlet. Stresses during early fruit development are 
believed to be a major cause of russeting (Faust and Shear, 1972; 
Wertheim, 1982). Taylor and Knight (1986) were not able to determine 
whether the mode of action of GA4/,7 was direct or indirect. They found 
that labeled gibberellic acid was readily taken up by leaves and fruit, 
but translocation from the point of application was limited. 
Other Responses of Gibberellin Application to Apple 
The effects described above are the main consequences of 
gibberellin application to apple. A few other effects have also been 
noted. Walker and Donoho (1959) found that terminal buds of apple trees 
started growing soon after a GA3 application at 1000 or 4000 
mg-liter"1 to 2 year old 'Delicious' trees. However, only small tufts of 
leaves developed. Internodes between the leaves were very short and the 
leaves were narrow and much smaller than normal. Williams and 
Billingsley (1970) found that GA4/7 alone did not aid in breaking bud 
dormancy. However, when combined with a cytokinin, bud break and shoot 
elongation were enhanced. 
Cvtokinins 
Naturally occurring cytokinins are purine derivatives with a 
branched 5 carbon N6 substitution (McGaw, 1987). Letham (1963) was the 
first to purify a cytokinin from immature corn (Zea mays) kernels. This 
cytokinin was named Zeatin [6-(4-hydroxy-3-methylbut-trans-2-enylamino) 
purine]. Zeatin and its derivatives are the dominant cytokinins in 
extracts from flowering plants (Letham and Palni, 1983). Over thirty 
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different cytokinins have been identified as 'free' compounds or as 
constituents of transfer RNA (Letham and Palni, 1983; McGaw et al., 
1984). Recently, endogenous cytokinin-active ribonucleosides were 
isolated from the ribosomal RNA of pea epicotyls (Pisum sativum) and 
wheat germ (Triticum aestivum) (Taller et al., 1987). 
The root is a major site of cytokinin biosynthesis in intact 
plants (Chen et al., 1985; Dickinson et al., 1986; Scott and Horgan, 
1984; Short and Torrey, 1972; van Staden and Smith, 1978; Vizarova, 
1989; Weiss and Vaadia, 1965). It is widely accepted that root-produced 
cytokinins are exported via the xylem to the shoot (Bollmark et al., 
1988; Davies, 1987; van Staden and Davey, 1979). However, cytokinin 
biosynthesis is not restricted to roots. Rootless tobacco (Nicotiana 
tabacum) plants synthesized cytokinins in the shoot when supplied with 
[14C]adenine (Chen and Petschow 1978). Cytokinin biosynthesis also has 
been demonstrated in developing seeds (Davies, 1987). Chen et al. 
(1985) found biosynthesis of radioactive cytokinins from [8- 14C] adenine 
in pea (Pisum sativum L.) stems and leaves. These researchers believed 
that cambium and possibly all actively dividing tissue were capable of 
cytokinin synthesis. 
Cytokinin Biosynthesis 
There is scant information elucidating the specifics about the 
mechanism and rate of free-cytokinin biosynthesis in plant tissue 
(Horgan, 1986; King and van Staden, 1987; Letham and Palni, 1983). 
McGaw et al. (1984) speculated that the de novo biosynthesis of 'free' 
cytokinins in plant cells was via a minor secondary pathway of 
metabolism of the ubiquitous compound adenine. Nishinari and Syono 
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(1980) reported the incorporation of radiolabeled adenine into the 
cytokinins isopentyl-adenine, isopentyladenosine, and trans-zeatin after 
30 minutes in a cell-free system extracted from cultured tobacco. Only 
a small fraction of adenine and its nucleotide is incorporated into 
cytokinins (Letham and Palni, 1983). Furthermore, adenine and its 
nucleotide play a central role in cellular metabolism, and cytokinins 
exist in very low concentrations in plant tissue (McGaw, 1987). 
Mevalonic acid may be incorporated into free cytokinins (Barnes et al., 
1980; Vizarova, 1989), suggesting that mevalonic acid is a precursor of 
the isoprenoid sidechains of free cytokinins (Coolbaugh, 1983). Miura 
and Hall (1973), demonstrated the conversion of N6-(A2-isopentenyl) 
adenosine to trans-ribosylzeatin in Zea mays. Free cytokinins may also 
come from the hydrolysis of certain transfer RNA species (Klemen and 
Klambt, 1974), but there is very little evidence supporting this 
hypothesis (Letham and Palni, 1983). Stuchbury et al. (1979) found 
differences in chemical structures between free and transfer RNA 
cytokinins in addition to an extremely low amount of released cytokinins 
from transfer RNA. This demonstrates that transfer RNA is only a minor 
source of free cytokinins. 
The biosynthesis of transfer RNA cytokinins is better understood 
than that of the free cytokinins. The formation of transfer RNA 
cytokinins takes place at the polymer level during post-transcriptional 
processing (Hall, 1973; Letham and Palni, 1983). Mevalonic acid 
pyrophosphate undergoes decarboxylation, dehydration and isomerization 
to yield A2-isopentenyl pyrophosphate (Chen and Hall, 1969). The 
condensation of A2-isopentenyl pyrophosphate to an adenosine residue 
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from the transfer RNA yields the N*(A2-isopentenyl) adenosine (Hall, 
1973; Kline et al., 1969; McGaw, 1987). 
Endogenous Cvtokinins in Apple 
Cytokinins have been found in several organs of the apple. 
Cytokinins and cytokinin activity have been found in apple seeds (Fukui 
et al., 1985), apple fruits (Fukui et al., 1985; Letham and Williams, 
1969) , in xylem sap (Jones, 1973), bark (Greene, 1975) and leaves and 
shoots (Greene 1975) . Greene (1975) suggested that shoots and leaves 
may be important sources or sinks for cytokinins because of the high 
amount of activity he found there. Cytokinin activity in developing 
seeds was 40 to 70 percent higher than in developing fruit flesh (Fukui 
et al., 1985). Therefore, these researchers suggested that the 
biosynthesis of cytokinins occurred in the seeds. 
Cytokinins Affect Set and Development in Apple 
Cytokinins effect fruit set and shape of apple fruit. Williams 
and Letham (1969) found that the cytokinins 6-benzylamino-9- 
(tetrahydropyran-2-yl)-9H-purine (SD 8339), N-(purin-6-yl)-a-phenyl 
glycine (NPG) and zeatin, at rates of 400 or 800 mg-liter1, induced 
parthenocarpic fruit set in emasculated flowers. Modlibowska (1972) 
treated decapitated flowers at pink bud, and the fruit ten days later, 
with 100 mg-liter"1 zeatin, SD 8339 and benzyladenine (BA). She observed 
no parthenocarpic fruit set with either the zeatin or SD 8339, and only 
poor fruit set in flowers treated with BA. Fruit set on pollinated 
flowers and fruit treated with cytokinin was increased (Martin et al., 
1970) , or was not affected (Letham, 1969; Modlibowska, 1972). Recently, 
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Greene and Autio (1989) found that increasing concentrations of BA 
applied 16 or 17 days after full bloom decreased fruit set on 'McIntosh' 
linearly. Maximum thinning response occurred in limbs 18 days after 
full bloom. Fruit and flowers treated with cytokinins developed more 
prominent calyx lobes (Greenhalgh et al., 1977; Williams and Stahly, 
1969) and the Length to diameter (L:D) ratio was increased (Greenhalgh 
et al., 1977; Martin et al., 1970). Application 14 days after petal 
fall did not influence fruit set or the L:D ratio (Letham, 1969). When 
Letham (1969) applied zeatin or SD 8339 to 'Cox's Orange Pippin' for 
several applications, the depth of the calyx depression was reduced and 
fruit elongation was suppressed. Fruit density was increased due to a 
reduction in cell size. The fruit tissue most responsive to cytokinin 
application was that immediately below the calyx. Fukui et al. (1985), 
found that cytokinin activity in the seeds of potential drop fruit was 
only 2.5 to 6.7 percent that of persistent fruit, indicating that a 
decline in cytokinin activity may be closely related to early fruit 
drop. 
Other Responses to Cytokinin Application 
Badizadegan and Carlson (1967) increased germination of excised 
embryos of 'McIntosh' and 'Wealthy' with increasing concentrations of 
BA. However, the excised embryos produced seedlings dwarfed in 
appearance when grown, regardless of whether or not they were treated 
with cytokinin. 
Cytokinins stimulate lateral bud growth (Elfving, 1985; Render and 
Carpenter, 1972), promote growth of isolated apple shoots (Jones, 1973), 
increase crotch angles of branches (Williams and Billingsley, 1970), and 
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increase return bloom (Hoad, 1980; McLaughlin and Greene, 1984; Ramirez 
and Hoad, 1979). Cytokinins also break bud dormancy in apples and 
crabapples (Broome and Zimmerman, 1976; Williams and Billingsley, 1970). 
Applied cytokinin can substitute for root chilling in apple (Young and 
Werner, 1986). Young and Werner (1986) believed that the root chilling 
effect on apple bud break may be mediated through cytokinins. 
Cytokinin and Gibberellin Interactions 
The Inhibition of Gibberellin Biosynthesis by Cytokinins 
Gibberellins are formed through the isoprenoid biosynthetic 
pathway (Birch et al., 1958, 1959; Cross et al., 1962, 1964). Several 
points of divergence occur in this pathway which lead to formation of 
other important groups of compounds (Coolbaugh, 1983). For example, 
isopentenyl pyrophosphate is a substrate for side chains of cytokinins. 
Ent-kaurene serves as a common precursor for the gibberellin 
family of plant hormones (Hedden et al., 1978) and it is the first 
committed intermediate in gibberellin formation. a-Cyclopropyl-a-(p- 
methoxyphenyl)-5-pyrimidine methyl alcohol (ancymidol), a gibberellin 
biosynthesis inhibitor in higher plants, inhibits ent-kaurene oxidation 
(Coolbaugh and Hamilton, 1976; Coolbaugh et al., 1978, 1982; Leopold, 
1971; Shive and Sisler, 1976). Ancymidol blocks the conversion of ent- 
kaurene to ent-kaurenol. Several cytokinins, which have some structural 
similarities to ancymidol, were also shown to inhibit ent-kaurene 
oxidation (Coolbaugh, 1984). Cytokinins which inhibit ent-kaurene 
oxidation include: I^-cyclohexanemethyladenine, N6-isoamyladenine, N6- 
benzyladenine, N6-(A2-isopentenyl)adenine and dihydrozeatin. N6- 
cyclohexane methyladenine was the most active, inhibiting 50 percent of 
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the control ent-kaurene oxidation at 2 X 10"6 M. The other cytokinins on 
the above list gave similar results at a concentration of 
2 X 10'5 M. However, the cytokinins zeatin, kinetin, adenine, N6- 
benzyladenosine, and N6-(isopentenyl)adenosine did not inhibit ent- 
kaurene oxidation until concentrations of 103 M. Ancymidol does not 
have cytokinin activity. 
Combined Application of Gibberellins and Cytokinins 
Williams and Letham (1969) found that fruit set and fruit 
elongation were greatly enhanced when GA4/7 was applied in combination 
with cytokinin. These observations have been confirmed by others 
(Cibulsky, 1977, 1978; Greenhalgh et al., 1977; Looney 1979; Unrath, 
1974). However, decreased fruit set (Greene, 1980), or no effect on it 
(Greene, 1984) have also been observed. Side effects of GA4/7 plus 
cytokinin treatments include more prominent lobes often knobby in 
appearance, and a more open calyx (Williams and Stahly, 1969; 
Modlibowska, 1972). High concentrations (500 mg-liter'1) of this mixture 
accentuated the effect. A bloom spray of GA4/7 (100 mg-liter'1) plus BA 
(100 mg-liter'1) occasionally decreased fruit set of open-pollinated 
flowers (Stembridge and Morrell, 1972). 
Stembridge and Morrell (1972) found that fruit shape was most 
altered by spray application at full bloom. Prebloom sprays were less 
effective, possibly due to limited fruit and leaf area for absorption. 
Time of maximum response may be related to the rate of cell division in 
the fruit flesh, which is maximum during full bloom and ceases three 
weeks later (Stembridge and Morrell, 1972; Tukey and Young, 1942). 
Unrath (1974) undertook a major study to determine the best time and 
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concentrations of a GA4/7 plus BA (1:1) mixture for commercial use. He 
found that annual applications of 50 mg-liter'1 or below of GA4/7 plus BA 
applied between full-bloom and petal fall were most effective in 
improving typiness and increasing fruit weight, without reducing return 
bloom. 
Promalin is the commercial formulation containing gibberellins GA4 
and GA7, and the cytokinin BA (Cibulsky, 1977), and is used primarily to 
elongate fruit, especially 'Delicious'. Unrath (1974) has shown that 
Promalin increases L:D ratios and fruit size. Many have confirmed the 
elongation response but not the increase in fruit size. Miller (1979) 
found that the formulation did not affect typiness in a warm growing 
region enough to warrant its use, although it did increase fruit size. 
Greene (1984) found that application of Promalin to either the 
receptacle surface or in the calyx end were equally effective in 
increasing the L:D ratio of 'Richardred Delicious' apples. No increase 
in L:D ratio was noted when a comparable concentration was applied to 
petals. A reduced response was noted where the pedicel was treated. 
Increases in the L:D ratio were not always a result of increased fruit 
weight. Increasing concentrations of Promalin caused linear reduction 
in fruit diameter, fruit weight and seed number. Other uses for 
Promalin may be to improve branching and crotch angles (Basak and 
Soczek, 1986; Elfving, 1984; Forshey, 1982) and to control apple russet 
(Eccher and Maffi, 1986). 
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Gibberellins. Cvtokinins and Storage Quality of Apple 
There is increasing demand to lengthen the storage life and 
marketing season of apples. Detrimental effects on storage by a plant 
growth regulator would diminish its usefulness commercially. Injection 
of auxin and GA3 into the core of 'Cox's Orange Pippin' and 'Jonathan' 
apples harvested before maturity made them less susceptible to core 
flush during storage (Sharpies et al., 1972; Sharpies and Johnson, 
1986). Dipping apples in GA4/7 (100 mg-liter"1) reduced the occurrences 
of breakdown and core flush and decreased fruit softening after both 
controlled atmosphere and conventional storage. GA3 was not effective 
(Sharpies et al., 1972, 1973) and the incidence of scald was promoted 
(Sharpies, 1973). Respiration rate of GA3-treated apples was reduced 
both at picking and during storage. GA3 reduced occurrence of low 
temperature breakdown (Wills and Scott, 1972). 
Greene et al., (1982) found that Promalin had little effect on 
fruit characteristics at harvest. However, during storage the fruit 
softened more with increasing concentrations of Promalin application. 
The seedless fruit were highly susceptible to senescent breakdown. 
Senescent breakdown is associated with calcium (Ca) deficiency (Bangerth 
et al., 1972; Mason et al., 1975). Calcium concentration in 'Delicious' 
fruit was found to decrease with seed number (Bramlage et al., 1990). 
There was also an increase in the incidence of bitterpit, a symptom of 
Ca deficiency in the Promalin-treated fruits (Greene et al., 1982). 
Looney (1979) also observed a reduction in Ca concentration although 
fruit firmness was unaffected by an application of a mixture of GA4/7 and 
BA. Calcium reduction was attributed to an increase in fruit volume and 
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dilution of acculrailated Ca. Application of BA 16 or 17 days after full 
bloom increased the incidences of senescent breakdown, bitter pit, and 
cork spot of 'McIntosh' in storage (Greene and Autio, 1989). The effect 
of BA may simply reflect an increase in fruit size, although there was 
no effect on fruit Ca concentration. 
Sharpies (1973) believed that there was a lack of response to BA 
application at harvest, perhaps due to a failure of the cytokinin to 
penetrate the skin of the fruit. However, Ben (1986) found that an 
application of 10 mg-liter'1 kinetin applied preharvest as a dip 
increased the carotenoid concentration and the retention of chlorophyll 
a and b in 'Golden Delicious' apples after six months of storage at 0°C 
(plus ripening for six days at 18°C). 
Calcium 
Calcium Involvement in Growth Regulator Response 
Many enzyme systems and physiological processes have been reported 
to be regulated by Ca2+ (Marme, 1982). It is suggested that cytosolic- 
free Ca2+ in plants may act as a regulator of important cellular 
responses and it may act through calmodulin (Williamson, 1981). In 
animals, Ca has also been associated with other signalling systems such 
as inositol 1,4,5 triphosphate (Berridge and Irvine, 1984; Nishizuka, 
1984) and cyclic adenosine monophosphate (Cheung, 1982; Rasmussen and 
Barrett, 1984). 
Calmodulin 
Calmodulin is a low molecular weight Ca-binding protein which 
occurs ubiquitously among eukaryotes (Charbonneau and Cornier, 1979; 
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Cheung, 1982; Roberts et al., 1986). The structure of all calmodulins 
is similar regardless of origin (Marme, 1982; Poovaiah and Reddy, 1987). 
The amino acid composition of zucchini squash calmodulin is similar to 
that reported for peanut calmodulin (Anderson et al., 1980), and both 
are similar to calmodulins found in animal and fungal tissues (Marme, 
1982; Poovaiah and Reddy, 1987). Similarities include the presence of 
an unusual amino acid, trimethyllysine, two residues of proline, and the 
absence of tryptophan. Animal calmodulin lacks cysteine. The 
significance of the presence of this amino acid in plant calmodulin is 
not known (Poovaiah and Reddy, 1987). Calmodulin contains a high amount 
of aspartate and glutamate which accounts for its low isoelectric point 
of 3.9 (Brostrom et al., 1982; Marme, 1982). 
Relative molecular weight values for calmodulin isolated from 
zucchini are 14,500 in the presence and 17,000 in the absence of Ca2+, 
respectively (Marme, 1982). The concentration of calmodulin isolated 
from the cytoplasm of maize coleoptile cells was found to be in the /iM 
range. 
Calmodulin, a small acid polypeptide, is extremely resistant to 
heat, acid and other treatments that promote denaturation (Poovaiah and 
Reddy, 1987). It contains four Ca2+-binding sites with affinities in 
the micromolar range (Cheung, 1982). Under physiological ion and pH 
conditions, calmodulin binds to Ca reversibly with dissociation 
constants in the nanomolar range (Gilroy et al., 1987a). 
Calcium Levels in Plants 
Gilroy et al., (1986) have shown that higher plants maintain free 
cytoplasmic Ca at about 10'7 M. This 'resting' cytosolic Ca2 + level is 
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maintained despite changes in the extracellular ionic environment 
(Gilroy et al, 1987b). Normal extracellular Ca is at a concentration of 
10'3 M in plants (Gilroy et al, 1987a). 
Calcium as a 'Second Messenger* in Plants 
Several researchers have proposed a 'second messenger' hypothesis 
for the role of Ca in plant growth and development. As a cell is 
stimulated by light, gravity, or a plant hormone, cytosolic Ca2+ is 
increased by either opening Ca2+ channels in the plasma membrane or by 
changing the properties of the Ca2+ transport mechanism (Hanson, 1983; 
Marme, 1986; Poovaiah, 1985; Poovaiah and Reddy, 1987). Calcium is most 
likely released from the apoplast region, mitochondria, and endoplasmic 
reticulum into the cytosol (Hanson, 1983). This change in cytosolic 
Ca2+ is considered the primary event-triggering response. An increase 
in the cytosolic Ca concentration leads to an activation of calmodulin 
which in turn activates a number of enzymes leading to a response. 
Four basic criteria have been established for Ca2+ to be considered 
as a 'second messenger' or mediator in translating a primary stimulus 
into a response (Jaffe, 1980; Poovaiah et al., 1987; Poovaiah and Reddy, 
1987; Williamson, 1981). The criteria are; (1) cytoplasmic Ca2+ levels 
must respond to stimuli from the environment and nearby cells, with 
these changes preceding physiological responses; (2) physiological 
response can be evoked by inducing a change in cytoplasmic Ca2+ in the 
absence of an external stimulus; (3) cells must be able to detect 
changes in cytoplasmic Ca2+ and translate them into physiological 
responses; and (4) blocking the operation of a Ca2+ sensing system must 
also block the physiological response to the stimulus. 
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Calcium and Calmodulin Effectors 
There is a diverse group of compounds that is referred to as Ca 
antagonists or Ca channel blockers. This group of compounds includes 
verapamil, diltiazem, nifedipine, and D600 (Triggle, 1982). Ca-channel 
antagonists function primarily by inhibition of Ca2+ uptake through 
defined pathways in the plasma membrane. Calmodulin inhibitors reduce 
Ca2+ uptake by interacting with an exoposed hydrophobic region in the 
Ca2+-calmodulin complex (Triggle, 1982). Calmodulin inhibitors include 
trifluoperazine (TFP) and other related antipsychotic agents and local 
anesthetics. Calmodulin inhibitors increase the free cytosolic Ca 
levels in plant protoplasts in vivo (Gilroy et al., 1987b). 
Mitochondrial Ca2+ uptake is decreased by the calmodulin antagonists, 
chlorpromazine hydrochloride (CPZ) and N-(6-aminohexl)-5-chloro-l- 
naphthalenesulfonamide hydrochloride, suggesting that the mitochondrial 
uptake of Ca2+ depends on calmodulin-mediated activation (Fukumoto and 
Nagai, 1982). ATP-stimulated Ca2+ uptake was identified in both 
protoplast and tonoplast vesicles in immature fruit of 'Golden 
Delicious' (Fukomoto and Venis, 1986a). This Ca transport was inhibited 
by some calmodulin antagonists. The addition of exogenous calmodulin 
increased transport. Fukomoto and Venis (1986a) believe that apple 
tonoplasts have a Ca2+ transport system that is driven by direct 
hydrolysis of ATP, and the transport system may be calmodulin dependent. 
Apple fruits treated with CPZ at 0.1 mM showed many bitter pit-like 
spots a few days later (Fukomoto and Venis, 1986b). They suggested that 
the occurrence of bitter pit may be associated in part with the 
inactivation of calmodulin. 
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Calcium and Cvtokinins 
Many studies have implicated Ca in the modulation of cytokinin 
responses. Foliar sprays of kinetin and BA on apple increased the 
movement of 45Ca applied to roots, to the leaves (Shear and Faust, 
1970). The addition of Ca2+ enhanced the cytokinin-mediated retardation 
of senescence in corn leaf disks (Poovaiah and Leopold, 1973). After an 
ethylene-glycol-bis(-i3-amino ethyl ether)N,N,N',N'-tetra acetic acid 
(EGTA)-pretreatment, corn leaf disks no longer retained chlorophyll in 
response to BA (Poovaiah and Veluthambi, 1986). The cytokinin effect 
was restored by the addition of Ca. Lau and Yang (1975) found that 
application of kinetin and Ca2+ caused a synergistic increase in 
ethylene production in mung bean. In addition, kinetin increased the 
uptake of labeled Ca2+ and reciprocally, Ca2+ enhanced the metabolism of 
kinetin. They suggested that Ca2+ may be an activator of a kinetin- 
metabolizing system. The cytokinin-induced processes of betacyanin 
synthesis in Amaranthus tricolor seedlings, fresh weight increases in 
Amaranthus cotyledons, and growth of soybean callus culture, were shown 
to be inhibited by calmodulin antagonists (Elliot, 1983; Elliot et al., 
1983). TFP was potent in modulating responses for Amaranthus. 
There is strong evidence that cytokinins stimulate asymetrical 
division in target cells of Funaria, which leads to bud formation, by 
increasing intracellular Ca2+ concentration (Markmann-Mulisch and Bopp, 
1987; Saunders and Hepler, 1981, 1982, 1983). Olah et al. (1983) found 
that the affinity of ATPase toward Ca2+ and plant calmodulin increased 
in wheat seedlings after treatment with BA. 
LeJohn and Cameron (1973) found that the binding of Ca is 
allosterically regulated by N6-(substituted)adenine derivatives 
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(cytokinins) in a glycoprotein isolated from some unicellular coenocytic 
water molds. Cytokinins functioned as allosteric regulators of 
metabolic ion transport in fungal cells (LeJohn and Stevenson, 1973). 
Calcium and Gibberellins 
Several reports suggest that gibberellins may influence Ca uptake. 
Leh (1963) induced symptoms of Ca deficiency on sunflowers and mint 
plants by treating with GA3. Wieneke et al. (1971), found that Ca 
uptake by Pisum sativum shoots was decreased by GA3. In experiments 
with Phaseolus vulgaris, GA3 stimulated Ca transport into the shoots 
initially but later depressed transport. Dwarf 'Progress' pea showed a 
higher selectivity for Ca2+ than non-dwarf pea (Garcia Luis and 
Guardiola, 1981). 
There have also been several reports where the gibberellin response 
may be mediated through Ca. GA3-dependent induction of a-amylase in 
barley aleurone layer was inhibited by addition of TFP (Elliott et al., 
1983). This inhibition was reversed when the TFP was removed. Calcium 
was found to be necessary for gibberellin induced a-amylase synthesis, 
secretion and release (Bush et al., 1986; Carbonell and Jones, 1984; 
Chrispeels and Varner, 1967; Jones and Carbonell, 1984; Bush et al., 
1986; Jones et al., 1986). 
Calcium in Apple 
Calcium deficiencies in apple fruit have been implicated in several 
physiological disorders such as bitter pit (Bangerth, 1979; De Long, 
1936; Faust and Shear, 1968; Garman and Mathis, 1956; Johnson et al., 
1987; Perring, 1986) senescent breakdown (Bangerth et al., 1972; Mason 
28 
et al., 1975), and cork spot in 'York Imperial' apple (Hewetson, 1966; 
Shear, 1972). Drake et al. (1966), found a high incidence of bitter pit 
in fruit at harvest and after five months of storage that was related to 
low Ca in the fruit peel. Calcium applied as a foliar spray to apple 
fruits can reduce Ca related physiological disorders (Vang-Petersen, 
1980a). Perring and Pearson (1987) reduced the development of bitter 
pit during storage through the injection of 1 and 2 percent CaCl2 into 
the core cavities of harvested apples. Shear (1972) believed that high 
fruit Ca concentrations may decrease or prevent cork spot in 'York 
Imperial' apples, but the causal factor may not be the lack of Ca. 
Bitter pit lesions often develop in zones where total Ca concentrations 
are low, but the lesions themselves have a higher Ca and magnesium (Mg) 
concentration than the surrounding tissue (Charnel and Bossy, 1981; 
Perring and Plocharski, 1975). Perring (1986) suggested that the high 
concentrations of Ca observed in bitter pit lesions were a result of the 
disorder developing, based on evidence that showed Ca and Mg increasing 
in fruit zones becoming affected by physiological disorders such as 
coreflush (Perring, 1984) and low temperature breakdown (Perring, 1985). 
Calcium Transport and Accumulation in Apple 
Calcium uptake and movement into the tree xylem from the soil 
generally occurs in younger parts of the root (Ferguson and Clarkson, 
1975; Himelrick and McDuffie, 1983). Calcium is relatively immobile 
within the plant (Jones et al., 1983). The xylem is considered the 
major pathway of translocation of Ca in plants (Himelrick and McDuffie, 
1983) , although Faust and Klein (1974) found evidence for Ca 
translocation in both xylem and phloem. However, phloem transport of Ca 
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probably accounts for only a small percentage of total Ca accumulation 
(Himelrick and McDuffie, 1983). Possible explanations for limited 
phloem transport include the difficulty in loading Ca into the phloem 
(Ferguson, 1979), and low solubility and concentration of Ca in the 
phloem sap (van Goor and Wiersma, 1974). 
Calcium translocation is thought to take place in two phases: (1) a 
reversible exchange phase, and (2) an irreversible accumulation phase 
(Vang-Petersen, 1980a). Biddulph et al. (1961) postulated that Ca moves 
by an exchange mechanism in the xylem. Calcium is thought to be 
adsorbed on negatively charged exchange sites present on the walls of 
the vessels and to move upward in the transpirational stream by a series 
of exchange reactions (Bell and Biddulph, 1963; Biddulph et al., 1961; 
Jacoby, 1967). Suggested exchange sites include lignin (Ito and 
Fuijiwara, 1967; Shear and Faust, 1970), the proteins of protoplasmic 
membranes (Ginsberg, 1961; van Steveninck, 1965), and the head groups of 
membrane phospholipids (Himelrick and McDuffie, 1983). Calcium is 
translocated half in ionic form and half as complexes of malic and 
citric acids (Bradfield, 1976). Shear and Faust (1970) found that 45Ca 
applied to roots of apple seedlings moved readily to developing leaves. 
It took three days for 45Ca absorbed through the roots to reach the top 
of a 30 cm plant. This slow movement observed in apple seedlings is 
consistent with the theory of Ca transport mediated by exchange 
reactions in the conducting xylem. Shear and Faust (1970) found that Ca 
moves into the younger developing leaves before mature leaves. Nitrogen 
form may influence Ca accumulation in the leaves. N03‘ nitrogen 
increased Ca accumulation into older leaves, while NH4+ nitrogen 
increased Ca accumulation into younger leaves. Spray applications of 
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kinetin (2.5 X 10^ M) , BA (2.5 X 10"* M), and boron can increase the 
movement of Ca. Calcium movement in the xylem is promoted by other 
divalent cations, such as Sr, Mg, Mn, and Zn (Bell and Biddulph, 1963; 
Millikan and Hanger, 1965, 1966; Himelrick and McDuffie, 1983) which are 
also adsorbed on the exchange sites. It has also been reported that Ca 
is mobilized by chelating agents such as EDTA (Millikan and Hanger, 
1965), malic acid and citric acid (Millikan and Hanger, 1965; Shear and 
Faust, 1970), and 2,3,5-triiodobenzoic acid (TIBA) (Kessler and 
Moscicki, 1958). 
Xylem sap of 5-year-old 'Golden Delicious' trees in the Netherlands 
was analyzed frequently throughout the year. The concentration of Ca 
increased in March and April, and showed peak levels at the end of April 
and the middle of June (Tromp, 1979a). After a gradual decline during 
the growing season, Ca reached a constant low level in August. 
Terblanche et al. (1979b), in a pot experiment with two year old 'Golden 
Delicious' trees, found Ca to be actively absorbed during the shoot 
expansion period, summer and autumn. Calcium increases in tree growth 
in early spring is believed to be due to mobilization by nearby 
resources, rather than supply by the roots, since at that time of the 
year, the transpiration rate is still very low (Terblanche et al., 
1979b; Tromp, 1979a). 
Calcium distribution within the apple tree, as expressed as percent 
of dry matter, is typically 1.2% in the roots and stems (Poulsen and 
Jensen, 1964), 0.6% in branches (Vang-Petersen et al., 1973), 0.9% in 
leaves (Vang-Petersen et al., 1973), and 0.02% in fruit (Martin et al., 
1962). Terblanche et al. (1979b) found roots contained 18%, wood 40%, 
bark 11%, leaves 13%, and fruit 18% of the total Ca content of the tree. 
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At dormancy, bark contributed about 59% of the total Ca content, 
although it only contributed 12% of the total tree mass. 
Calcium movement into the fruit occurs in two phases (Vang- 
Petersen, 1980a; Wilkinson, 1968). During the first phase, associated 
with cell division in the fruit, Ca intake increases rapidly (Smith, 
1950). In the second phase, which is associated with cell expansion, Ca 
uptake either continues at a slower rate, ceases altogether, or is 
exported back into the tree (Himelrick and McDuffie, 1983; Tromp, 1979b; 
Wilkinson, 1968). The rate of Ca uptake was most rapid early in fruit 
development, and it decreased steadily during the last two months of 
fruit growth. Vang-Petersen (1980b) found that 80% of fruit Ca was 
taken up in the first six weeks after bloom. These results fit in well 
with the two-phase fruit Ca accumulation hypothesis. The 2-phase 
hypothesis has been questioned by several authors who have observed a 
linear uptake of Ca into the fruit throughout the growing season 
(Priestly, 1976; Wieneke, 1974). The phase change may be associated 
with a change in Ca supply to the fruit from xylem to phloem (Himelrick 
and McDuffie, 1983). Jones et al. (1983) in a study of four apple 
cultivars, found Ca uptake into apple fruit to continue from flowering 
until harvest. Calcium accumulation in the fruit was found to depend on 
the total leaf area in the fruiting spur (Jones and Samuelson, 1983) and 
Ca accumulation was more sensitive to an altered leaf area early in 
fruit development. From these results, these authors suggest the 
reconsideration of the insignificance of phloem transport of Ca. 
Early in fruit development Ca is evenly distributed within a fruit 
(Wieneke, 1974). Concentration gradients develop within the fruit 
during later fruit growth. Faust et al. (1967) found that Ca is highest 
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in the peel, lowest in the flesh, and intermediate in the core in 'York 
Imperial' apples. Lewis and Martin (1973), found Ca to decrease in the 
cortex from the stem to the calyx end. The calyx end had half the Ca as 
the stem end. Bitter pit lesions most commonly occur in the calyx end 
region. Seeds are also a rich source of Ca in the fruit (Himelrick and 
McDuffie, 1983). Fruit associated with long bourse shoots had higher Ca 
concentrations than those associated with short bourse shoots (Jones and 
Samuelson, 1983). These results support the hypothesis that adequate 
evaporation from the primary leaves is crucial to achieving high levels 
of fruit Ca. Jones and Samuelson (1983) also found that Ca accumulation 
by apple fruits increased as the total leaf area on the fruiting spur 
increased. Bitter pit is often associated with larger fruit size (Vang- 
Petersen, 1980). 
Polvamines 
Polyamine Biosynthesis in Plants 
Polyamines are aliphatic nitrogenous bases of low molecular weight 
(Kaur-Sawhney and Galston, 1981). This enables polyamines to bind 
strongly to polyanions and be very soluble in aqueous media. The 
polyamines spermidine and spermine and the diamine putrescine are 
ubiquitous in plant tissues (Bachrach, 1973; Galston and Kaur-Sawhney, 
1987a; Smith, 1984, 1985). Other polyamines, such as cadaverine and 
homo - spermidine, have been found in leguminosae (Ramakrishna and Adiga, 
1975) and lettuce seedlings (Smith, 1970a), and Santalum (Kuttan and 
Radhakrishnan, 1972), respectively. 
Putrescine is formed either from arginine or ornithine in plant 
tissue (Altman et al., 1983; Slocum et al., 1984; Smith, 1970a). One 
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route is via the activity of the enzyme L-arginine decarboxylase (ADC). 
Putrescine is derived indirectly following decarboxylation of L-arginine 
via intermediates agmatine and N-carbamyl-putrescine (Le Rudulier and 
Goas, 1980; Smith 1982, 1984). ADC catalyzes the conversion of arginine 
to agmatine. Agmatine is then hydrolyzed to N-carbamyl putrescine by 
agmatine iminohydrolase (Smith, 1969). The conversion of N-carbamyl 
putrescine to putrescine and carbamyl phosphate is catalyzed by N- 
carbamylputrescine amidohydrolase (Smith, 1965). The byproduct, 
carbamyl phosphate, is either metabolized to C02 and NH3 by carbamylate 
kinase or to citrulline via ornithine transcarbamoylase mediated 
addition of carbamoyl phosphate to ornithine (Slocum et al., 1984). 
This pathway is absent in animal tissue. L-arginine decarboxylase has 
been found only in the cytosol (Smith, 1985). 
The second major biosynthetic route in plants is via the activity 
of the enzyme L-ornithine decarboxylase (ODC). In the ODC reaction, 
which may occur in the cytosol or the nucleus (Smith, 1985), putrescine 
is formed directly through the decarboxylation of L-ornithine. In 
higher plants, the enzyme arginase can convert arginine directly to 
ornithine, which can then be utilized by ODC to form putrescine (Slocum 
et al., 1984). Under special circumstances, putrescine can also be 
derived by carboxylation of citrulline via N-carbamyl putrescine 
(Crocomo and Basso, 1974; Maretzki et al., 1969). 
Spermidine and spermine are synthesized from putrescine by the 
subsequent additions of one or two aminopropyl groups, donated by 
decarboxylated S-adenosylmethionine (Slocum et al., 1984). In plant 
tissue the addition of the aminopropyl group to spermidine is catalyzed 
by spermidine synthase (Hirawasa and Suzuki, 1983; Sindhu and Cohen, 
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1983, 1984; Suresh and Adiga, 1977). Spermine synthase, which mediates 
the transfer of the second aminopropyl group to spermidine to form 
spermine, has been isolated in mammalian tissue (Tabor and Tabor, 1984). 
However, the occurrence of spermine synthase has not been demonstrated 
unequivocally in higher plants (Sindhu and Cohen, 1984; Adiga and 
Prasad, 1985). Unfortunately, very little is known about the 
subcellular compartmentation of polyamines or the location of enzymes 
associated with polyamine biosynthesis and metabolism (Slocum et al., 
1984). 
Polvamine Catabolism 
Polyamine degradation has not been studied as thoroughly as its 
biosynthesis (Evans and Malmberg, 1989). Pea and soybean seedlings 
labeled with 14C-putrescine converted 50 to 69 percent of the diamine to 
a compound identified as 7-aminobutyric acid 30 to 60 minutes after 
feeding (Flores and Filner, 1985; Le Rudulier and Goas, 1977; Wielgat 
and Kleczkowski, 1971). y-Aminobutyric acid was also formed in corn 
leaves fed with 14C-spermine (Terano and Suzuki, 1978). Flores and 
Filner (1985) identified two enzymes in legumes and cereals which 
converted 7-aminobutyric acid from putrescine or spermidine. This 
pathway requires the enzymes di- or polyamine oxidase and pyrroline 
dehydrogenase, a NAD-dependent enzyme. Putrescine or spermidine is 
converted to pyrroline, and subsequently pyrroline is converted to 7- 
aminobutyric acid. Another source of 7-aminobutyric acid is through the 
decarboxylation of glutamate (Mazelis, 1980; Steward and Durzan, 1965). 
Polyamine oxidases have been isolated from cereals and legumes 
(Federico et al., 1989; Kaur-Sawhney et al., 1981; Suresh and Adiga, 
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1979; Suzuki and Yanagiswa, 1980). Polyamine oxidase is also known as 
spermine oxidase (Kaur-Sawhney et al., 1981). This enzyme has highest 
activity with spermine as a substrate; however, spermidine can also be 
oxidized. Using crude extracts of leaves from barley seedlings and 
intact barley leaves, spermidine and spermine were degraded to 1,3 
diaminopropane (Smith, 1970a). In feeding polyamines to intact barley 
plants, spermidine formed putrescine, 1-(3-aminopropyl) 2-pyrroline, and 
1,3 diaminopropane whereas spermine formed only 1,3 diaminopropane and 
1,3 aminopropane and 1-(3-aminopropyl) 2-pyrroline. Crude spermine 
extracts were degraded to 1,3 diaminopropane and 1-(3 - amino-propyl)2- 
pyrroline. 
Polyamine Involvement in Plant Growth and Development 
Polyamines have been implicated in many plant growth and 
developmental processes. In both plants and animals, mutants lacking 
the ability to synthesize polyamines are unable to grow and develop 
normally (Tabor and Tabor, 1984). The addition of exogenous polyamines 
to these mutants generally restores normal growth and development 
(Galston and Kaur-Sawhney, 1987a). In general, rapid growth and cell 
division is associated with high polyamine content in tissue. Examples 
of polyamine association with developmental processes in plant tissue 
include: cell division (Heimer and Mizrahi, 1982; Heimer et al., 1979; 
Wu and Kuniyuki, 1985); root formation and growth (Bagni, 1970; Jarvis 
et al., 1985; Palavan and Galston, 1982; Wang and Faust, 1986); floral 
initiation (Kaur-Sawhney et al., 1988); floral development (Cohen et 
al., 1982; Gerats et al., 1988; Heimer and Mizrahi, 1982; Heimer et al., 
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1979); plant tumors (Bagni and Serafini-Fracassini, 1974); and bud 
growth following dormancy (Wang et al., 1985; 1986). 
The metabolic connection between polyamines and ethylene, which can 
initiate and accelerate senescence, through the propylamine group of S- 
adenosylmethionine (SAM) suggests that polyamines may be involved in 
senescence (Evans and Malmberg, 1989). Exogenous polyamines may inhibit 
senescence by inhibiting ethylene synthesis (Apelbaum et al., 1981; 
1985; Suttle, 1981) and stabilizing membranes (Altman et al., 1977; 
Evans and Malmberg, 1989). Application of polyamines retarded 
senescence on detached leaves and cell cultures of various monocot and 
dicot species (Altman et al., 1977; Kaur-Sawhney and Galston, 1979; 
Muhitch et al., 1983; Rodriquez et al., 1987; Shih et al., 1982; 
Srivastava et al., 1983). 
Polyamine levels and polyamine synthetic enzyme activities may 
increase in response to some plant stresses. Potassium deficiency 
increased putrescine levels and ADC activity in barley and oats 
(Richards and Coleman, 1952; Smith, 1979; Young and Galston, 1984). 
Several authors propose that increases in putrescine in response to 
stress serve a function in the plant by maintaining an ionic balance in 
tissue (Murti et al. 1971; Smith, 1971). Similar increases have been 
reported for magnesium deficiency (Smith, 1973; 1984) and ammonium 
toxicity (Le Redulier and Goas, 1975). Conversely, several inorganic 
ions (K*, Na*, Ca2+, Mg2*) when incubated with lettuce cotyledons 
(Lactuca sativa L.) reduced putrescine content (Cho, 1983a). Increases 
in putrescine and ADC activity were observed in response to low pH 
(Smith and Sinclair, 1967; Young and Galston, 1983). 
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Some have proposed that polyamines may play a role in reducing 
chilling injury (Kramer and Wang, 1988; Wang 1988). This is based on 
the involvement of membrane damage in chilling injury (Lyons, 1973; 
Wang, 1982) and the ability of polyamines to stabilize membranes (Mager, 
1959; Smith, 1985). Accumulation of putrescine was correlated with 
chilling injury in several species of plants (McDonald and Kushad, 1986; 
Wang and Ji, 1989). Treatments which elevated polyamine levels also 
reduced chilling injury (Wang, 1988; Kramer and Wang, 1988). Galston 
and Kaur-Sawhney (1987b) believed that the effectiveness of exogenous 
polyamines in stabilizing membranes corresponded to the number of 
charges per molecule. Therefore, the order of activity would be: 
spermine > spermidine > putrescine = cadaverine. However, endogenous 
concentrations of spermidine and spermine are in general relatively 
unresponsive to stress (Smith, 1984; 1985; Young and Galston, 1984). 
Polyamines are polycations at cellular pH's and therefore bind 
readily to important cellular polyanions such as DNA, RNA, phospholipids 
and acidic protein residues (Bachrach, 1973; Galston and Kaur-Sawhney, 
1987a; Kaur-Sawhney and Galston, 1981). It has been postulated that 
through these bindings, polyamines may affect the synthesis of 
macromolecules, activity of macromolecules, membrane permeability, and 
mitosis and meiosis. Some have suggested that polyamines should be 
classified as plant hormones (Galston and Kaur-Sawhney, 1982). However, 
the levels of polyamines necessary for biological effect are much higher 
than the micromolar levels typical of the traditionally accepted 
hormones, and the translocation of polyamines is unclear (Evans and 
Malmberg, 1989). Some have argued that polyamines should be regarded 
under the broader category of plant growth regulators, due to their 
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clear physiological and developmental effects on plants (Davies, 1987; 
Galston and Kaur-Sawhney, 1982; 1987a). Polyamines may act as 'second 
messengers' (Galston, 1983; Galston and Kaur-Sawhney, 1982; 1987a) since 
their concentrations rise and fall in response to external stimuli such 
as light, hormones and stress. This theory is supported by reports in 
animal systems that polyamines regulate nuclear protein phosphorylation 
(Chen and Verma, 1984; Clo et al., 1979; Kuehn et al., 1979), and that 
Dictyostelium and pea nuclei contain polyamine-activated protein kinases 
that phosphorylate non-histone proteins (Datta et al., 1986; Kuehn et 
al., 1979) . 
Polvamines and Floral Initiation and Development 
Cabanne et al. (1977) related flowering to polyamines conjugated 
to small molecules (Perchloric acid-soluble), in particular the 
conjugation of hydroxycinnamic acid to putrescine. In a later 
experiment, with Nicotiana tabacum, Cabbane et al. (1981) proposed that 
the formation of polyamine conjugates may be related to the plants being 
ready to flower rather than to a direct effect of the polyamine- 
conjugates on flowering itself. An accumulation of polyamine conjugates 
were found during late development in apical shoots and leaves in plants 
grown at 30°C, a temperature which inhibits flowering but does not 
inhibit a plants ability to prepare for flowering. An increase in 
putrescine content in floral and vegetative buds in Nicotiana tabacum 
cv. Samsun coincided with the occurrence of the first histological 
changes (Torrigiani et al., 1987). The rates of appearance of 
putrescine, spermidine and spermine were slightly different between 
vegetative and floral bud-forming tissues. However, both showed 10 to 
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20 fold increases which occurred first in spermidine and then followed 
in putrescine. They suggested that polyamine accumulation was related 
mainly to the onset and progression of cell division and not 
specifically to floral differentiation. Dumas et al. (1981, 1982) 
believed that changes in polyamine and polyamine-conjugate levels in 
Nicotiana stock which is incapable of flowering may be a result of a 
genetic factor which is independent of a flowering effect. 
Kaur-Sawhney et al. (1988) found that spermidine levels in tobacco 
explants were 4.5 fold higher in explants cultured on a 'floral bud 
medium' than on a 'vegetative bud medium'. The 'vegetative bud medium' 
had a 10-fold higher level of cytokinin than the 'floral bud medium'. 
Application of spermidine at 0.5-5 mM decreased the number of vegetative 
buds on a vegetative medium by 70% and caused the formation of floral 
buds. The addition of cyclohexamide (10-20mM), which inhibits 
spermidine synthase, to the floral medium, caused a significant shift 
from floral to vegetative buds as well as a 75 percent reduction in 
spermidine in the explants. The simultaneous addition of spermidine and 
cyclohexamide to the floral medium provided a partial reversal of the 
cyclohexamide-induced shift. The authors suggested that either 
spermidine is masking the effects of the high cytokinin content in the 
vegetative medium, or spermidine could have its own role in promoting 
floral initiation. 
In 1983, Malmberg and Mclndoo reported increased abnormal flower 
development in a Nicotiana tabacum mutant exhibiting altered polyamine 
metabolism. This Nicotiana tabacum mutant is resistant to the 
spermidine synthesis inhibitor methylglyoxal-bis(guanylhydrazone) 
(MGBG), and regenerates under culture to produce plants with anthers in 
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the place of ovules. Evans and Malmberg (1989) suggest that these 
abnormal floral morphology phenotypes may also have a disturbance in 
their gibberellin and cytokinin balance. Gerats et al. (1988) found 
that normal floral morphology strains of Petunia can differ in their 
putrescine content. They concluded that changes in putrescine levels by 
themselves can not be the only critical factor in whatever role 
polyamines play in floral development. 
Developing ovaries of tomato were found to be high in ODC activity 
(Heimer and Mizrahi, 1982; Heimer et al, 1979). Similar increases in 
ODC activity have been observed in tobacco ovary tissue at fertilization 
(Slocum and Galston, 1984, 1985). Difluoromethylornithine (DFMO) 
blocked tomato ovary development, and the addition of putrescine allowed 
ovaries to develop normally (Cohen et al., 1982). ADC was also present 
in the tomato ovaries, but there was only one-fourth the level of ADC 
and its activity did not change during growth. ODC seems to be an 
essential enzyme for putrescine biosynthesis in developing tomato fruit, 
and it is important for tomato fruit development. This is in contrast 
to previous suggestions that ADC is the enzyme responsible for 
putrescine production in plants and that ODC is of lesser importance 
(Montague et al., 1978; 1979; Smith, 1970b; 1975; Suresh et al., 1978). 
Polvamines and Gibberellins 
Polyamines may influence gibberellin-induced effects on seed 
germination and stem elongation. The specific activity of ODC in 
extracts of germinating barley seed increased up to about 100 hours 
following imbibition. Gibberellin GA3 induced a four-fold increase in 
this ODC activity (Kyriakidis, 1983). Active polyamine metabolism 
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occurred in the aleurone cells of barley during germination (Lin, 1984). 
Interactions of GA3 and polyamines were also observed in the germination 
of other seeds. Gibberellin GA3 reversed the inhibitory effect of KC1 
on ADC activity in cucumber cotyledons (Suresh et al., 1978), and ADC 
activity in rice embryos was stimulated by the addition of GA3 
(Choudhuri and Ghosh, 1982). 
Application of MGBG inhibited both GA3-induced a-amylase activity 
and lowered the spermidine content in the aleurone layers. This 
inhibition of a-amylase activity by MGBG could be partially or 
completely overcome by the addition of exogenous spermidine, suggesting 
that polyamines, particularly spermidine, may be involved in the 
regulation of a-amylase (Altman, 1987; Lin, 1985). 
A correspondence has been found between internode growth and 
polyamine content (Dai et al, 1982; Smith et al., 1985). A spray 
application of gibberellin GA3 (5 /zg-ml) to light-grown dwarf pea 
seedlings increased stem growth and increased ADC activity three-fold in 
the fourth internode (Dai et al., 1982). Putrescine and spermidine 
increased at least 1.5-fold following GA3 treatment in the fourth and 
fifth internodes. The use of a partial gibberellin antagonist, ammonium 
(5-hydroxycarvacryl) trimethyl chloride piperidine carboxylate 
(AM01618), prevented internode elongation and also prevented a rise in 
ADC and polyamines, suggesting that the increase in putrescine by 
gibberellin treatment may be from an increase in ADC activity. Smith et 
al. (1985) suggested that polyamines might be important in the portion 
of gibberellin response that results from cell division, and not in the 
portion resulting from cell elongation. Simultaneous addition of 
polyamines with the DFMA did not restore GA3-stimulated internode growth 
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in pea seedlings (Kaur-Sawhney et al., 1985). However, Smith et al. 
(1985) found that DFMA or DFMO applied exogenously to tall peas and 
GA3-stimulated nana peas inhibited internode elongation and polyamine 
accumulation, and a simultaneous application of putrescine and agmatine 
partially restored internode elongation. 
Other data show that the promoting effect of GA3 on polyamine 
accumulation is not always coupled with an increase in enzyme activity. 
ADC and ODC activities were not affected by spraying 6-day-old mung bean 
seedlings with GA3 although a considerable increase in putrescine, 
spermine and spermidine resulted (Altman et al., 1983). In contrast to 
this, in 10 to 12-day-old mung bean seedlings, gibberellin application 
inhibited ADC and ODC activity and promoted polyamine accumulation. 
An exogenous application of GA20 (an endogenous gibberellin in 
peas), delayed senescence, enhanced bud size and elevated spermidine 
levels in the buds of peas (Smith and Davies, 1985). Gibberellin- 
induced elongation of lettuce hypocotyls was enhanced by application of 
putrescine, cadaverine, agmatine, arginine and ornithine (Cho, 1983b). 
Polvamines and Cvtokinins 
There is little information on the interaction of cytokinins and 
polyamines. Exogenous cytokinins increased putrescine content and 
decreased spermidine and spermine levels in expanding cucumber 
cotyledons in short term organ culture (Prasad and Adiga, 1985; Suresh 
and Adiga, 1978; Suresh et al., 1978) and in barley seed endosperm 
(Hemantaranjan and Garg, 1984). Kinetin and benzyladenine doubled the 
putrescine content in light-grown lettuce cotyledons (Cho, 1983a). 
Cytokinins also have been shown to increase ADC activity in expanding 
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cucumber cotyledons (Prasad and Adiga, 1985; Suresh and Adiga, 1978; 
Suresh et al., 1978), imbibed rice seeds (Mukhopadhyay et al., 1983), 
rice embryos (Choudhuri and Ghosh, 1982), and excised terminal buds of 
etiolated peas following exposure to red light (Palavan et al., 1984). 
Benzyladenine increased putrescine and spermidine concentrations in aged 
potato tuber disks (Altman and Bachrach, 1981). Spermine completely 
inhibited kinetin enhanced betacyanin efflux from beet root disks, which 
suggests that there may be a common binding site on the membrane for 
polyamines and kinetin (Naik et al., 1980). 
Polvamines in Apple 
Exogenous application of the diamine putrescine and the polyamines 
spermidine and spermine increased fruit set (Costa and Bagni, 1981; 
1983; Costa et al. , 1984; 1986). Concentrations of 10'5 and 10'6 M 
putrescine and spermine and 10^ M spermidine substantially increased 
fruit set in 'Ruby Spur' when applied 9 days after full bloom (Costa and 
Bagni, 1983). Costa et al. (1984) later determined that maximum fruit 
set occurred when 10‘3 M putrescine was applied when 20 to 30 percent of 
the flowers were open. At full bloom an application of 10'2 M putrescine 
was required. In the cultivar 'Hi Early' final fruit set was increased 
when putrescine was applied from 20 percent open flower to petal fall at 
rates of 10'3 and 104 M. However, exogenous polyamines are only 
effective when endogenous levels are low in plants (Bagni et al., 1981). 
Flower bud initiation has been reported to be both increased (Costa 
and Bagni, 1981, 1983; Edwards, 1986) and decreased (Costa et al., 1986) 
with exogenous polyamines. Spermine and putrescine increased flower bud 
formation on 'Ruby Spur' (Costa and Bagni, 1983). Rohozinski et al. 
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(1986) suggested that polyamines are stimulators of floral initiation in 
apple trees. Arginine concentration is stimulated in trees treated with 
ammonium ions (Edwards, 1986; Rohozinski et al., 1986). Arginine is a 
precursor of polyamine synthesis through decarboxylation (Slocum et al., 
1984). 
Polyamine effects on fruit are inconclusive. They increase, reduce 
or have no effect on seed number, sugar content, flesh firmness, and 
fruit size (Costa and Bagni, 1981, 1983; Costa et al., 1984, 1986). 
Costa and Bagni (1983) found polyamines sprayed 9 days after full bloom 
increased fruit weight and decreased flesh firmness and seed number, 
whereas Costa et al. (1984) found no effect of putrescine on fruit 
weight and flesh firmness when sprayed from pink stage to petal fall at 
10'3 M. A single putrescine application made between 20 percent open 
flower and petal fall to 'Hi Early' decreased fruit weight and soluble 
solids at harvest (Costa et al. 1986). 
Uptake of putrescine, spermidine, and spermine by apple spurs 
sprayed with 10'3 M of each polyamine reached maximum within one hour 
after treatment (Costa et al., 1984). Polyamines counted in the spurs 
increased 5 to 15 times over the natural level of polyamine detected. 
Putrescine penetration was greater into flowers than leaves (Bagni et 
al., 1984). Putrescine, spermidine, and spermine were detected in 
flowers, young leaves, fruitlets, and peduncles. Labeled putrescine was 
metabolized to spermidine and spermine, and also translocated from 
leaves to fruitlets and vice versa. This indicates that there is free 
mobility of the polyamines within the spur and that apple fruit as well 
as young leaves have the capacity to synthesize polyamines. 
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Biasi et al. (1988) found that the level of free polyamines in 
'Golden Delicious' was high only during the first weeks after full bloom 
and then decreased gradually. Abscission peaks took place when free 
polyamine levels were low or decreasing. Two peaks were observed for 
putrescine and spermine in developing fruitlets, one at bloom and 
another at 40 days after full bloom. Spermidine showed only one peak at 
20 days after full bloom, when putrescine was decreasing. 
Wang and Steffens (1985) suggest that gibberellins increase 
polyamine content in apple. Paclobutrazol lowered endogenous putrescine 
and spermidine in water-stressed apple seedlings. Application of 
gibberellin to paclobutrazol-treated leaves counteracted the inhibitory 
effect of paclobutrazol on polyamine levels. However, a soil 
application of paclobutrazol to apple seedlings, which increased root 
formation and weight, increased polyamine content in the roots (Wang and 
Faust, 1986). 
Fruit Set in Apple 
Pollination 
Most apple cultivars are self-unfruitful so cross-pollination is 
necessary for fruit set (Childers, 1983; Dennis, 1986; Whitehouse and 
Auchter, 1926). Most apple cultivars are diploid with a total of 34 
chromosomes (Dennis, 1986). However, there are a few cultivars of 
commercial importance which are triploid, such as 'Mutsu' and 
'Jonagold', and these can not be used as pollinators. Incompatibility 
also occurs occasionally between some cultivars such as 'Cortland' and 
'Early McIntosh'. 
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Pollination is accomplished primarily by bees. Bees generally are 
not active in rain, heavy winds, or day temperatures below 65°F 
(Childers, 1983; Gardner et al., 1949). The ideal conditions for good 
bee pollination are sunlight, hours above 70°F, and limited air 
movement. Wind pollination can occur, but it usually has little impact 
on cropload (Gorter and Visser, 1958). 
Poor fruit-setting ability in 'Delicious' and other cultivars has 
been attributed in part to 'basal gaps' between stamens which allow bees 
to extract nectar without touching anthers or stigmas (Roberts, 1945; 
Robinson, 1979; Robinson and Fell, 1981). The impact of wild solitary 
bees as pollinators has been explored (Klug and Bunemann, 1983). Wild 
solitary bees are more efficient pollinators, as they regularly touch 
the stigmas on each flower visited, in contrast to honeybees which only 
touch the stigmas of one third of the flowers visited. Brain and 
Landsberg (1981) concluded that insect visiting rate was a major 
limiting factor of fruit set and that the length of the effective 
pollination period was not important. 
Tree Factors 
The size and vigor of the flower buds may influence fruit set. 
Large buds are more likely to set fruit than small buds (Blake et al., 
1945; Poma Treccani et al., 1982; Southwick and Weeks, 1949). Howlett 
(1926) found that flowers in the terminal bud were more productive than 
those in axillary buds. The terminal ('King') flower in the cluster has 
a higher set rate than lateral flowers (Howlett, 1926; 1929; Weinbaum 
and Simons, 1976). The presence of the terminal flower on a cluster 
with lateral flowers was shown to depress fruit set of laterals in 
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'Delicious' (Howlett, 1928). This is probably due to this flower 
exerting apical dominance and therefore becoming larger and having 
better vascular connections. Fruit resulting from 'King' flowers 
contain more seeds, which suggests differences in ovule viability 
(Weinbaum and Simons, 1976). MacDaniels (1928) suggests that the number 
of seeds in a fruit may be the determining factor in its ability to stay 
on the tree during and after June drop. 
Other Factors 
Other factors which have been shown to influence the setting 
potential of blossoms are the application of nitrogen during the summer 
before bloom (Bradford, 1924; Terblanche et al., 1979a; Williams, 1965). 
Summer pruning (Ferree and Stang, 1980), small crop load the previous 
season (Preston, 1960), and solar radiation prior to bloom (Dennis, 
1981) also increase fruit set. In England, high temperatures in the 
preblossom period decreased fruit set in 'Cox's Orange Pippin' apple 
(Jackson et al., 1983). 
Weather conditions may influence fruit set in many ways. The 
effective pollination period is a function of both ovule longevity and 
the rate of pollen tube growth (Dennis, 1986). Low temperatures 
increase ovule longevity and they also decrease the rate of pollen tube 
growth. Temperatures following bloom are also important in terms of 
potential fruit set. Gardener et al. (1949) found that higher 
temperatures during the first week of the fruit setting process in 
'Delicious' exerted a positive influence on set. Early drop in 
'McIntosh Red' apples was enhanced by 30 days of night temperatures over 
25°C, beginning 10 days after full bloom (Fukui et al., 1984). 
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Ten to thirty percent of the flowers may develop into fruitlets 
(Dennis, 1986). This number depends upon such factors as cultivar, 
bloom density, and weather conditions. The flowers that are not 
pollinated usually abscise within one to two weeks after petal fall. 
Smaller fruitlets continue to abscise for several more weeks. This 
abscision can occur in waves (Howlett, 1928; Poma Treccani, 1982), or 
can occur almost continuously. Luckwill (1953) suggests that a first 
drop in fruit lasts for about two weeks and is primarily caused by poor 
pollination and fertilization. Subsequent waves in fruit abscision may 
be the result of competition among fruits (Knight, 1980) and between 
fruits and vegetative shoots (Abbott, 1960; Quinlan and Preston, 1971). 
Four to six weeks after bloom, a 'June drop' occurs which may reduce 
cropload to 5 to 15 percent of the original number of flowers (Dennis, 
1986). Smaller fruit, with few seeds, are more likely to abscise than 
larger fruit. Zucconi (1981), in his study of both persisting and 
abscising fruit, found that abscising fruit exhibited a reduction in 
growth during their development and became distinctly smaller one to 
three weeks before they showed outward signs of abscission. Parallel 
changes in growth rates were observed in the fruit and shoots (Poma 
Treccani, 1982). Magein (1989), in a study in which fruit from flower 
buds were tagged and observed regularly, was able to forecast the drop 
of an individual apple fruit one to two weeks before it actually 
abscised. Fruit that eventually abscised showed a reduction in growth. 
Fukui et al. (1984) divided the fruit drop process into four stages. 
Stage A, when potential fruit drop is indicated by a reduced rate of 
fruit growth; Stage B, two days after potential fruit drop; Stage C, 
four days after potential fruit drop; and Stage D, abscission. In 
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stages B and C, potential drop fruit had a higher rate of ethylene 
evolution than persisting fruit. The number of seeds in a fruit may be 
the determining factor in its ability to stay on the tree during and 
after June drop (MacDaniels, 1928). 
Excessive fruit set may result in small fruit size and can reduce 
or completely inhibit flower bud initiation, which leads to biennial 
bearing (Buban and Faust, 1982; Hoad, 1984; Monselise and Goldschmidt, 
1982). Flower and/or fruit removal early in summer promotes flower bud 
initiation (Dennis, 1986) and increases fruit size (Dennis, 1986; 
Quinlan and Preston, 1968) . 
Influence of Light 
Over 60 years ago, Auchter el al. (1926) reported that shading 
apple trees reduced fruit set. Gardener et al. (1949) observed a high 
degree of correlation between the percentage of 'Delicious' blossoms 
setting fruit and the amount of sunlight during the 30 day post¬ 
blossoming period. If fruit and associated leaves do not receive an 
adequate amount of light, fruit may drop before developing, or may be 
small and poorly colored (Lakso, 1975). The light requirement for the 
productive portion of the tree is at least 35 percent or more of the 
available light. Short periods of artificial shade in the period of 15 
to 30 days after full bloom can greatly reduce fruit set (Byers et al., 
1985). Shade for several 10 day periods, 5 to 35 days after full bloom, 
reduced fruit set to at least 60 percent of unshaded control limbs 
(Polomski et al., 1988). Shading trees for two to three consecutive 
days starting 14, 21, and 28 days after full bloom with a 92 percent 
shade cloth, caused 83 to 93 percent of the fruit to abscise (Byers et 
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al., 1990). However, shading the limbs earlier or later than the above 
periods for three days did not influence fruit drop. Shading an entire 
tree was more effective at promoting abscission than just shading a 
limb. Doud and Ferree (1980), reduced fruit set by 62 percent by 
shading 'Delicious' trees from tight cluster to harvest. In addition, 
shading apple trees has been reported to suppress photosynthesis 
(Barden, 1977; Burnside and Bohning, 1957; Heinicke, 1966; Mika and 
Antoszewski, 1972) and flowering (Auchter et al., 1926; Cain, 1973). 
Fruit dry weight, total sugars, and reducing sugars were decreased by 
shading (Polomski et al., 1988). 
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CHAPTER III 
MATERIALS AND METHODS 
All field experiments were conducted at the University of 
Massachusetts Horticultural Research Center in Belchertown, 
Massachusetts. 
Calcium Experiments 
Experiment 1 
The objective of this work was to determine if calcium acted as a 
'second messenger' mediating gibberellin and cytokinin responses on 
apple. The 1987 study used two calcium effectors, verapamil (a calcium 
channel blocker, Sigma, St. Louis, MO 63178) and TFP (a calmodulin 
inhibitor, Sigma, St. Louis, MO 63178), on apple trees sprayed with 
either gibberellin or cytokinin. 
Limbs on mature spur-type 'Delicious'/M.26 trees were selected. A 
portion of a limb was marked off (limb circumferences ranged in size 
from 9.3 to 14.0 cm), and blossom clusters were counted prior to full 
bloom. Initial bloom densities ranged from 7.3 to 12.5 blossom clusters 
per cm limb circumference. Full bloom occurred on May 12. BA (100 
mg-liter'1) or gibberellin GA4 (100 mg-liter'1) and verapamil (50 /iM) or 
TFP (100 /iM) were applied. Verapamil and TFP were dissolved in 
tetrahydrofurfuryl alcohol, which was the same carrier as for the GA4 
and BA solutions. All treatment solutions contained 0.1% Buffer-X and 
0.5% tetrahydrofurfuryl alcohol. Treatments were foliarly applied to 
drip 8 days after full bloom (FB+8 days) using hand held pump sprayers. 
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Control limbs were sprayed with water which contained Buffer-X and 0.5% 
tetrahydrofurfuryl alcohol. 
Fifteen developing fruitlets were collected at FB+25 days on a 
portion of the limb that was sprayed but not counted. The developing 
fruit were weighed and freeze dried, and then subsequently subjected to 
mineral and polyamine analysis as described later in this chapter. 
Fruit set was determined on June 30. 
Thirty fruit were harvested on September 29 from each limb and the 
following factors were evaluated: length, diameter, weight, seed number, 
soluble solids, flesh firmness, and bitter pit incidence. Fruit length, 
diameter, and weight were based on the average of 30 fruit. Fruit 
length was determined by placing fruit in a trough marked off in 
centimeters, stem end to calyx end, and measuring the total length of 
the 30 fruit. Fruit diameter was similarly determined by placing the 
flat side of the apple along the upright wall of the trough and 
measuring the total diameter of 30 fruit. Fruit weight was determined 
by weighing all the fruit together and dividing by the number of fruit 
harvested. Fruit were judged either to have bitter pit or to have no 
signs of bitter pit. The severity of bitter pit was not assessed. 
Flesh firmness was determined by pressure testing 10 of the original 
fruit, characteristic of the treatment, on two opposite sides with an 
Effegi penetrometer (Alfonsine, Italy). Juice was collected while 
pressure testing fruit, and soluble solids were determined with a hand¬ 
held refractometer. A 1 cm midsection slice from each apple was 
removed, using a No. 5 cork borer, and four flesh plugs were removed 
close to the skin in each of 4 quadrants. The plugs were combined and 
freeze dried for mineral analysis. Seed number was determined 
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individually on each of the 30 fruit. Return bloom was counted in 
spring, 1988. 
Experiment 1 was a completely randomized block design. The 
treatments were arranged as a 3 X 3 factorial with one factor being a 
growth regulator treatment (none, GA4, or BA) and the second factor 
being a calcium modifier treatment (none, V, TFP). The experiment was 
blocked by tree position in the orchard for a total of 6 blocks 
(replications). 
Experiment 2 
Experiment 2 was initiated in 1988 to examine the effects of 
verapamil or TFP on gibberellin GA4 response in 'Delicious' apple. This 
experiment was conducted similarly to Experiment 1, with the 
modification that BA was eliminated from the experiment. 
Limbs were selected on spur-type 'Delicious'/M.26 trees, and bloom 
density was determined prior to full bloom based on number of blossom 
clusters per cm limb circumference (limb circumferences ranged from 9.6 
to 16.0 cm) as in Experiment 1. The experiment was blocked by bloom 
density. Full bloom occurred on May 17. Gibberellin GA4 was applied at 
100 mg-liter'1. Verapamil or TFP was applied at a rate of 50 and 100 /xM, 
respectively. All treatment solutions contained 0.1% Buffer-X and 0.5% 
tetrahydrofurfuryl alcohol. Treatments were foliarly applied on fruit 
and leaves to drip at FB+14 days, using a hand held pump sprayer. 
Control limbs were sprayed with a solution containing water with 0.1% 
Buffer-X and 0.5% tetrahydrofurfuryl alcohol. 
Eight developing fruit were collected FB+24, while 5 were 
harvested at FB+37 days, and these were freeze-dried for mineral 
54 
analysis. Fruit set was assessed 7 weeks following full bloom by 
counting all persisting fruit on a limb. Following fruit set 
assessment, fruit were thinned to one fruit per cluster to produce 
uniform fruit. 
Thirty fruit were harvested October 3, from each treated limb, and 
length, diameter, weight, soluble solids, flesh firmness, seed number, 
and bitter pit incidence were assessed similarly to the previous 
descriptions in Experiment 1. Midsection plugs were taken as described 
in Experiment 1 for mineral analysis on 10 apples. Return bloom was 
evaluated the following spring. 
Data collected on the developing fruit were analyzed as a 
completely randomized block split-plot. The main plot effects were the 
growth regulator and calcium modifier treatments arranged as a 2 X 3 
factorial. The split-plot effect was days after full bloom. The main 
plots effects were blocked by initial bloom density. There were a total 
of 6 blocks (replications). The other data collected was analyzed as a 
2X3 factorial, blocked by initial bloom density. 
Experiment 3 
The objective of Experiment 3 was to further examine the effect of 
TFP or verapamil on GA4 response in 'Delicious' apples. Limbs of a 
spur-type 'Delicious'/M.26 were selected ranging in size from 9.0 to 
16.0 cm limb circumference, and 60 fruit clusters were thinned to one 
fruitlet per cluster. Due to the uncertainty of calcium effector 
penetration in Experiment 1, treatments were applied at FB+15 days to 
fruitlets by injecting 50 /j1 of the treatment solutions used in 
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Experiment 2 through the calyx of the fruit with an automatic pipette 
fitted with a plastic tip. 
Eight, 8, 6, and 5 developing fruit were harvested FB+16, FB+24, 
FB+30 and FB+37, respectively, and then freeze dried for mineral 
analysis. A 20 apple sample was harvested October 3, and evaluated for 
bitter pit incidence, length, diameter, weight, soluble solids, flesh 
firmness, and seed number in a similar manner as described previously in 
Experiment 1. Midsection plugs were taken as described in Experiment 1, 
for mineral analysis. 
Data collected on the developing fruit were analyzed as a 
completely randomized block split-plot. The main plot effects were the 
growth regulator and calcium modifier treatments arranged as a 2 X 3 
factorial, blocked by tree position in the orchard. There were a total 
of 6 blocks (replications). The split-plot effect was days after full 
bloom which was partitioned by regression. The rest of the data were 
analyzed as a 2 X 3 factorial, blocked by tree position in the orchard. 
Experiment 4 
The response of the calcium effectors in previous calcium 
experiments may have been limited because of low concentration of 
calcium modifier used. Therefore, this experiment was initiated in 1989 
to determine if the calcium modifier concentration was a limiting factor 
in previous experiments. 
A preliminary study was done on 'Puritan' apple, a cultivar which 
blooms and sets earlier than 'Delicious', to evaluate verapamil 
phytotoxicity and its concentration on fruit growth. On May 25, 50 ^1 
of verapamil at concentrations of 100, 300, 500, 1000, or 10,000 £tM was 
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injected into the calyx end of 'Puritan' fruitlets with an automatic 
pipette fitted with a plastic tip. In addition, 'Puritan' leaves were 
dipped in the verapamil solutions. Control fruit and leaves were 
treated with H20 only. Ten fruit and 5 leaves were used for each 
treatment. Three days later on May 28, fruit and leaves were harvested. 
Fruit was weighed and signs of phytotoxicity were noted on both leaves 
and fruit. 
'Puritan' fruit treated with 300 /xM verapamil showed the greatest 
fruit growth 3 days after treatment (Figure 1). Significantly reduced 
fruit growth was observed in treatments above 500 /xM. Leaves dipped in 
10,000 /xM verapamil showed marginal necrosis and some fruit were 
visually damaged. Seed development appeared normal in all the fruit. 
The decision to use 300 /xM verapamil in the 1989 experiment was based 
upon observing maximum growth response of 'Puritan' fruit without 
phytotoxicity. 
Spur-type 'Delicious'/M.26 limbs were randomly selected and 60 
fruiting clusters were thinned to one fruitlet per cluster. Full bloom 
in 'Delicious' occurred May 17. Gibberellin GA4/7 (100 mg-liter'1) and 
verapamil (300 /xM) were applied alone or in combination. Treatments 
were applied in the calyx end of the developing fruit FB+13 days, in the 
same manner as was described in Experiment 3. Check fruit were injected 
with water containing 0.5% tetrahydrofurfuryl alcohol. Developing 
fruits were collected FB+15, FB+18, FB+22 and FB+29 days. Six fruit 
were collected at FB+15 days and 5 fruit were collected at each of the 
other sampling dates. The length, diameter and weights of the 
developing fruit samples were recorded in a manner similar to that 
described in Experiment 1 for mature fruit, except that the developing 
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Figure 1. 
uM VERAPAMIL 
Experiment 4. Effects of 50 /il injections of various 
concentrations of verapamil into the calyx end of 'Puritan' 
fruitlets on May 25, 1989, on fruit weights of developing 
fruit on May 28, 1989. 
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fruit were measured by placing them along a ruler instead of in a trough 
containing a ruler. Samples were then freeze dried for mineral 
analysis. 
Thirty fruit were harvested October 3 from each limb. Harvest 
samples were evaluated for bitter pit, length, diameter, weight, soluble 
solids, flesh firmness, and seed number as described in Experiment 1. 
Midsection plugs were taken as described in Experiment 1 for mineral 
analysis from 10 fruit. 
Data collected on the developing fruit were analyzed as a 
completely randomized block split-plot. The main plot effects were the 
growth regulator and calcium modifier treatments arranged as a 2 X 2 
factorial, blocked by tree position in the orchard. There were a total 
of 6 blocks (replications). The split-plot effect was days after full 
bloom which was partitioned by regression. The rest of the data was 
analyzed as a 2 X 2 factorial, blocked by tree position in the orchard. 
Polvamine Involvement Experiments 
Experiment 5 
This experiment, initiated in 1987, examined the interaction 
between applications of gibberellin and cytokinin to 'Golden Delicious' 
apple. Limbs of 'Golden Delicious'/M.7 trees were randomly selected, 
the terminal portion of the limb was marked off, and the number of 
blossom clusters were counted to determine initial bloom density prior 
to full bloom. Limb circumferences ranged from 11.2 to 22.9 cm. 
Initial bloom densities ranged from 8.5 to 24.3 blossom clusters per cm 
limb circumference. Full bloom occurred May 11. Gibberellins GA4 (100 
mg-liter'1) or GA7 (100 mg-liter'1) were applied alone or in combination 
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with BA (100 rag-liter'1). Treatment application was made either FB+3 or 
FB+18 days to limbs on 'Golden Delicious' with a hand held pump sprayer. 
The control limbs were sprayed with H20 plus 0.1% Buffer-X and 0.5% 
tetrahydrofurfuryl alcohol. 
Forty developing fruit were collected at FB+22 days for polyamine 
analysis. Fruit set was evaluated 7 weeks after full bloom. Forty 
representative fruit from each limb were harvested October 6, and the 
following fruit characteristics were evaluated: length, diameter, 
weight, seed number, flesh firmness, and soluble solids. All were 
evaluated in a manner similar to that described in Experiment 1, except 
that 20 fruit punctured on one side were used for flesh firmness, and 
soluble solids evaluation. In addition, fruit russeting was evaluated 
by placing each of the 40 fruit in one of the following classifications: 
US Extra Fancy (0-10% russet); US Fancy (11-15% russet); US No.l (16- 
25% russet); or US Utility (< 25% russet). Midsection plugs were taken 
for mineral analysis as described in Experiment 1 from the 20 fruit used 
for flesh firmness and soluble solids. The following spring, return 
bloom was counted. 
This experiment.was analyzed as a 3 X 2 X 2 factorial blocked by 
tree position in the orchard. There were a total of 6 blocks 
(replications). 
Experiment 6 
This experiment was initiated in 1988 to follow changes in free 
polyamines during development of 'Golden Delicious' fruit and to 
determine if the effects of BA (100 mg-liter'1) or GA7 (100 mg-liter*1) on 
russeting, flowering, and fruit set could be related to levels of 
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polyamines. Samples were taken prior to growth regulator application to 
obtain information about levels of polyamines on untreated trees during 
early fruit development. 
Eight 'Golden Delicious'/M.7 trees were selected and three limbs 
on each tree were marked off, all blossom clusters were counted, and 
initial bloom density was determined as described previously. Limb 
circumferences ranged from 9.4 to 18.4 cm. Full bloom occurred May 18. 
Treatments were foliarly applied to drip at FB+20 days to limbs of 
'Golden Delicious' using a backpack sprayer. Limbs not receiving either 
a BA or GA7 treatment were not sprayed. 
Fruit samples to follow polyamine levels were taken prior to 
treatment at one day before full bloom, FB+8, FB+11, FB+15, and FB+18, 
and after treatment at FB+21, FB+24, FB+27, FB+33 and FB+40 days. The 
sample one day before full bloom consisted of 30 flowers. Samples from 
FB+8 to FB+24 days consisted of 20 fruit while those taken at FB+27, 
FB+33, and FB+40 days consisted of 15, 10 and 6 fruit, respectively. 
Samples were weighed and freeze-dried for polyamine analysis. 
Seven weeks after full bloom, fruit set was determined by counting 
all persisting fruits. Following this, spurs were thinned to one fruit 
per spur. 
At harvest on October 6, 40 representative fruit from each 
treatment were harvested and the following measurements were evaluated: 
length, diameter, weight, soluble solids, flesh firmness, and seed 
number, in the same manner as described in Experiment 1. Russeting was 
evaluated as described in Experiment 5. Midsection plugs were taken on 
10 fruit for mineral analysis. The following spring, return bloom was 
evaluated. 
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Data on the developing fruit were divided into two groups for data 
analysis: before growth regulators were applied and after growth 
regulators were applied. The 'before' data were analyzed by regression, 
blocked by tree. The 'after treatment' data were analyzed as a 
completely randomized block split-plot. The main plot effect was the 
three growth regulator treatments and the split-plot effect was days 
after full bloom. The split-plot effect was partitioned by regression. 
The experiment was blocked by tree. Other data was analyzed as a 
completely randomized block (by tree). 
Experiment 7 
This experiment was initiated in 1988 to follow changes in free 
polyamines in developing 'Golden Delicious' fruit following gibberellin 
and cytokinin application. Two foliar applications of GA4 (125 
mg-liter'1), GA7 (125 mg-liter'1) or BA (125 mg-liter'1) were made at FB+15 
and again at FB+27 days to selected limbs of 'Golden Delicious'/M.7 
which had been tagged. Blossom clusters were counted on a portion of 
each limb to determine initial bloom density. Limb circumferences 
ranged from 10.1 to 16.1 cm. Full bloom occurred on May 18. Developing 
fruit from the treated but not counted portion of the limb were 
collected at FB+16, FB+19, FB+23, and FB+28 and consisted of 40, 30, 30, 
and 15 fruit, respectively. Samples were freeze-dried for polyamine 
analysis. At harvest, October 6, length, diameter, weight, soluble 
solids, flesh firmness, and seed number were determined on 40 fruit per 
experimental unit as described in Experiment 1. Russeting was evaluated 
as described in Experiment 5. Midsection plugs were taken for mineral 
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analysis from 10 fruit as described in Experiment 1. The following 
spring, return bloom was counted. 
Developing fruit data from this experiment were analyzed as a 
completely randomized block split-plot. The main plot effect was the 
growth regulator treatments. The split-plot effect was days after full 
bloom which was partitioned by regression. The experiment was blocked 
by tree. Other data were analyzed as a completely randomized block (by 
tree) . 
Experiment 8 
This experiment, conducted in 1988, evaluated the effects of fruit 
competition, fruit size and fruit abscission in a cluster on fruit 
polyamine content. 'Cortland' was selected due to its natural tendency 
to cluster as multiple fruits. Three types of fruit were collected: the 
largest fruit on a cluster, the smallest fruit on the cluster, and fruit 
starting to show signs of abscission as evidenced by a yellowing 
pedicel. Fruitlets were collected periodically at FB+18, FB+21, FB+24, 
FB+27, FB+30, FB+33, FB+36 and FB+39. Sample size was 6 to 20 fruit 
depending on fruit size. Full bloom occurred May 16. Fruit samples 
were freeze-dried for polyamines analysis. 
Data analysis was divided into two groups. One group was data 
before fruit started to show signs of abscision, and the second group of 
data consisted of fruit, after signs of abscission were observed. Both 
groups were analyzed as split-plots. The main plot effect was fruit 
type and the split-plot effect was days after full bloom which was 
partitioned by regression. 
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Experiment 9 
The objective of this experiment was to further investigate the 
relationship between fruit abscision manipulated chemically and 
polyamine levels within leaves and developing fruit. Four limbs on each 
of eight 'Golden Delicious'/M.7 trees were selected and tagged. A 
portion of each limb was marked off and measured and the total number of 
blossom clusters were counted to determine bloom density. Limb 
circumferences ranged from 8.2 to 15.6 cm. GAAp (100 mg-liter'1) and BA 
(100 mg-liter'1) were applied to the drip point, either alone or in 
combination, at FB+7 days using a truck-mounted bed sprayer. Buffer-X 
at 0.1% was added to the spray solutions. Control limbs were left 
unsprayed. Full bloom occurred May 18. The experiment was blocked by 
tree. 
Initial fruit set was counted at FB+8 days. Fruit abscision rate 
was evaluated at FB+18, FB+25, FB+32, FB+39 and FB+69 days. Developing 
fruit samples consisting of 40, 40, 30, and 20 fruit were taken at FB+8, 
FB+11, FB+14 and FB+17 days, respectively. Sampling was terminated 
after FB+17 days because BA thinned excessively. Leaf samples, 
consisting of 100 randomly selected spur leaves, were collected at 
FB+10, FB+14 and FB+17 days and the samples were freeze-dried for 
polyamine and trans-Zeatin/trans-Zeatin riboside analyses. 
Forty fruit were harvested October 10, and length, diameter, 
weight, flesh firmness, soluble solids, and seed number were evaluated 
as described in Experiment 1. Russeting was evaluated as detailed in 
Experiment 5. Midsection plugs were taken from 10 fruit as described in 
Experiment 1 for mineral analysis. The following spring return bloom 
was evaluated. 
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Developing fruit and leaf data were analyzed a as completely 
randomized block split-plot. The growth regulator treatments were the 
main plot effects and they were arranged as a 2 X 2 factorial one factor 
being GA4/7 (+ or -) and the other factor being BA (+ or -). The split- 
plot effect was days after full bloom and was partitioned by regression. 
The experiment was blocked by tree. Other data were analyzed as a 2 X 2 
factorial blocked by tree. 
Experiment 10 
The objective of this experiment was to examine the effects of a 
late application of GA4//7 and the cytokinin BA on fruit abscision and 
fruit development on 'Golden Delicious' apple. 
Full bloom occurred May 18. Growth regulator treatments were 
applied to limbs of 'Golden Delicious' at FB+23 days. Rates of BA and 
GA4/7 were at 125 mg-liter'1. Treatments were foliarly applied to the 
drip point with a truck-mounted bed sprayer. Treatment solutions 
contained 0.1% Buffer-X. Control limbs were left unsprayed. Fruit 
samples were collected at FB+24, FB+27, FB+30, FB+33, FB+36 and FB+39 
days. Samples consisted of 10 fruit except that the FB+24 days sample 
had 15 fruit. A portion of the limb was sectioned off prior to sampling 
and reserved for abscision counts made at FB+26, FB+34, FB+41 and FB+71 
days. During mid July limbs were thinned to one fruit per cluster to 
prevent limb breakage. 
Forty fruit per experimental unit were harvested October 10, and 
length, diameter, weight, soluble solids and flesh firmness were 
evaluated as described in Experiment 1. Russeting was evaluated as 
described in Experiment 5. In addition, 10 fruit were randomly selected 
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and midsection plugs were taken for mineral analysis as described in 
Experiment 1. The following spring, return bloom was evaluated. 
Developing fruit data were analyzed as a completely randomized 
block split-plot. The growth regulator treatments were the main plot 
effects and they were arranged as a 2 X 2 factorial one factor being 
GAAp (+ or -) and the other factor being BA (+ or -). The split-plot 
effect was days after full bloom and was partitioned by regression. The 
experiment was blocked by tree. Other data were analyzed as a 2 X 2 
factorial blocked by tree. 
Experiment 11 
The objectives of this experiment were to observe differences 
between fruit manipulated to abscise by shading and naturally, and to 
observed differences in polyamines between fruit on the same cluster. 
Two comparable limbs on each of 6 'Idared'/M.7 trees were selected. One 
limb on each tree was shaded with a 92 percent polypropylene shade cloth 
(A.M. Leonard Inc., Piqua, OH 45356), and the second was not shaded and 
served as a control. A 10 x 15 ft shade cloth was placed over each limb 
and the ends were tied together underneath, so that no light could 
penetrate into the shaded limb. Limbs were shaded from FB+16 to FB+26 
days. A portion of each limb was marked off for an evaluation of fruit 
set that was made at FB+16, FB+26, FB+30, FB+33, FB+40 and FB+70 days. 
Fruit samples were taken from the remainder of the limb as in Experiment 
8. Three categories of developing fruit were collected: the largest 
fruit on the cluster, the smallest fruit on the cluster, and fruit 
starting to abscise. Developing fruit samples of 5 to 15 fruit were 
taken FB+17, FB+20, FB+23, FB+26, FB+29 and FB+32 days. Leaf samples 
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consisting of 30 spur leaves were collected at FB+21 days. Samples were 
freeze-dried for mineral and polyamine analysis. Light measurements 
were taken with a light meter (LI-COR, Lincoln, NE 68504), during the 
course of shading and these confirmed that the cloth was providing 92 
percent shade. 
Developing fruit data were analyzed as a split-plot. The main 
plot effects were the shading treatment and fruit type. The split-plot 
effect was days after full bloom, which was partitioned by regression. 
The leaf and return bloom data were blocked by tree and analyzed as a 
one-way design. 
Trans-Zeatin/Trans-Zeatin Riboside Experiment 
Experiment 12 
The objective of this experiment was to observe the effect of BA 
application to leaves on trans-zeatin riboside-like levels in leaves. 
From a block of 'Morespur McIntosh'/M.7 trees were blocked into 3 groups 
(replications) of 3 trees each by vigor and crop load. One tree in each 
replication was not sprayed and served as a control. The remaining 2 
trees were foliarly sprayed with BA (3062 formulation from Abbott 
Laboratories, North Chicago, IL) at either 50 or 100 mg-liter'1 with a 
truck mounted sprayer on May 31, 1990. Leaf samples consisting of 30 
spur leaves were collected at 2 hours, and 1, 4, and 8 days after 
application, and were immediately frozen. In addition, 4- and 8-day 
samples were first washed in a large container of water, patted dry and 
then frozen. Samples were freeze dried and then analyzed for trans- 
zeatin/trans-zeatin riboside by immunoassay. Three replications of each 
sampling were taken. Regression analysis was applied to the leaves that 
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were not washed. Single degree of freedom contrasts were constructed to 
compare washed and unwashed leaves. 
An additional study was conducted to determine the amount of BA 
actually applied to individual spur leaves with a foliar application in 
the field. Thirty spurs from 'McIntosh' were collected and brought into 
the laboratory, and from these spurs, 30 leaves were selected and 
weighed. Leaves were then dipped into a 100 mg-liter'1 solution of BA 
for 5 seconds. Foliar drip was simulated by shaking the leaf 4 times, 
to remove the excess solution. Leaves were then weighed again, and the 
weight of the BA solution applied per leaf was calculated. It was 
assumed that the change in weight of the leaves before and after dipping 
was the weight of BA solution applied to each leaf. Leaf area was 
measured on individual leaves using a LI-COR model 3100 area meter (LI- 
COR, Lincoln, NE 68504). Leaves were then dried in a 50°C oven, and dry 
weights were obtained for the individual leaves. Specific leaf weights 
on a fresh and dry weight basis were also calculated. 
The average spur leaf weighed 600 mg, and had a dry weight of 173 
mg. On average, 168 mg of 100 mg-liter'1 BA solution was applied to each 
leaf, or 168 /xl BA solution (assuming the weight of the BA solution is 
equal to the weight of water). Based on a molecular weight for BA of 
225.26 grams, a 100 mg-liter'1 BA solution would contain 4.439 X 10-4 M BA 
per liter (this is equivalent to 44.39 pMole per 100 /xl). This 
translates into an average of 74.58 pmole BA applied per leaf [168 /j.1 X 
(44.39 pMole/100 /j1)]. A 100 mg dry leaf sample would contain on 
average, 43.11 pMoles BA. Specific leaf weights (area + leaf weight) 
calculated on fresh and dry weight bases averaged 0.043 and 0.153 
cm2-mg'1, respectively. Average area per leaf was 25.5 cm2. 
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Biochemical Analyses 
Fruit and leaf tissue for mineral and polyamine analyses were 
freeze-dried and ground through a wiley mill at 20 mesh. Ground tissue 
was stored in the freezer in whirl pak bags with a desiccant until 
analysis. 
Polvamines 
A 400 mg sample of freeze-dried leaf or fruit tissue was extracted 
in 15 ml cold 5% perchloric acid (PCA) in a 50 ml plastic centrifuge 
tube. After extraction for one hour on ice, samples were centrifuged at 
48,000g for 20 minutes. Following centrifugation, the supernatant 
containing the 'free' polyamines was saved and stored at -20°C in 
plastic vials until it was ready to be used. The supernatant may be 
stored for up to six months under these conditions and it is important 
to avoid excessive freezing and thawing (Flores and Galston, 1982). In 
general, polyamines were run on samples which had not been stored. If 
samples were rerun, it was done on samples stored no longer than 1 or 2 
months. 
The PCA-soluble polyamines were benzolylated according to the 
method of Redman and Tseng (1979). A 500 pi aliquot of the PCA extract 
was placed in an 8 ml glass vial with a Teflon-lined screw cap. Three 
vials were used for each sample, and later combined for analysis. In 
addition, 100 /xl of the internal standard, 1,6 hexadiamine at 2xlO'4M was 
added to each vial. The vials were placed in the freezer until ready 
for use. 
69 
The vials were thawed and 1 ml of 2 M NaOH was added and 
thoroughly mixed. The samples were benzoylated by adding 10 /il of 
benzoyl chloride (Mallinckrodt). Vials were recapped and vortexed for 
10 seconds each. Samples were then incubated for 20 minutes at room 
temperature. Two ml of saturated NaCl were added to the vials to stop 
the reaction. The benzoylated polyamines were extracted by adding 2 ml 
of diethyl ether, anhydrous grade (Mallinckrodt Ether ChromAR HPLC). 
Vials were recapped, and centrifuged for 5 minutes at 1500g in a 
tabletop centrifuge. One ml of the ether phase was collected and placed 
into a plastic vial. At this point, the three glass sample vials were 
combined. A total of 3 ml ether was evaporated to dryness under 
nitrogen. The benzoylated polyamines were redissolved in 300 /il 
methanol (HPLC grade) and injected onto an High Performance Liquid 
Chromatograph (HPLC) according to a method described by Flores and 
Galston (1982) with some modifications. Standards were treated in a 
similar way, with a few modifications. Standards contained 20 /il of 
10'2 M of putrescine, spermidine, spermine and 100 /il of 2 X 10’3 M of 1,6 
hexadiamine (internal standard) and brought to a total of 600 /il with 
440 /il of PCA. For standards, 2 vials were benzoylated, ether- 
extracted and combined. One ml of the ether phase was collected, dried 
under nitrogen and redissolved in 1 ml methanol (HPLC grade). The final 
concentration of polyamines in each standard was 10 nmoles. 
HPLC analysis was accomplished with a Perkin-Elmer chromatograph 
fitted with an LC 250 binary pump, a Rheodyne model 7125 sample injector 
fitted with a 20 /il loop, an LC-95 UV/VIS spectrophotometer detector, 
and an LCI-100 Laboratory Computing Integrator. The solvent system was 
methanol:water, run isocratically at 60 percent methanol, at a flow rate 
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of 1 ml/rain. Between injections, a cleanup procedure was run which 
increased methanol to 95 percent for 5 minutes at a flow rate of 1.1 
ml/min. Following this the solvent system was returned to 
methanol:water (60:40 v/v) for ten minutes to equilibrate the system. 
Following this, the HPLC was ready for another injection. The 
benzoylated extracts were eluted at room temperature through a 4.6 X 250 
mm, 5-/xm particle size reverse-phase (C18) column (Altex-octadecyl- 
silane) and detected at a wavelength of 254 nm. 
Cvtokinins 
Cytokinins were quantified using the enzyme immunoassay for trans- 
zeatin riboside. The protocol followed was based on a previously 
described method with a few modifications (Wood, 1988) . One hundred mg 
freeze-dried leaf material were placed in a 50 ml plastic centrifuge 
tube. To each tube, 20 ml of (80 percent methanol: 20 percent water 
plus 2,6-di-tert-butyl-4-methyl phenol (10 mg-1'1) and 100 mg polyvinyl 
polyprolidone (washed in acetone) were added. Tissue was extracted 
overnight for 16 hours at -20°C. Following extraction, samples were 
centrifuged for 10 minutes at 9,000g. The supernatant was removed with 
a pasteur pipet and placed in a 20 ml glass vial. Five ml of the 
supernatant was purified by passing through a 200 mg reverse-phase 
octadecyl (C-18) column (Burdich & Jackson, Muskegon, MI 49442), 
preconditioned with 1 column length of 100 percent methanol and 1 column 
length of 80 percent methanol, into a test tube. One ml of sample 
solution was collected and dried under nitrogen. The dried sample was 
diluted with 10 ml of 25 mM Tris buffer (pH 7.5). Tris buffer was 
prepared by diluting 3.03 g Trizma base (Sigma), 5.84 g NaCl and 0.20 g 
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MgCl2-6H20 to 1 liter with distilled deionized H20. The pH was adjusted 
to 7.5 with HC1. 
A PHYTODETEK-t-ZR kit obtained from Idetek was used (San Bruno, CA 
94066). The immunoassay for trans-zeatin riboside was run on a 100 /il 
sample according to the procedure outlined by Idetek. The general 
immunoassay procedure consisted of placing 100 /il of the diluted sample 
extract or standard and 100 /il enzyme tracer into the wells of 
microtitration plates. The wells were incubated for 3 hours at 4°C. 
After incubation, the plates were washed with saline Tween 20. 
Paranitrophenol was then added to each well and the plates were 
incubated for 1 hour at 37°C on a Titertek microplate incubator (Idetek, 
Inc., San Bruno, CA). Optical densities were determined at 405 nm on a 
Titertek Miniskan microplate strip reader (Idetek, Inc. San Bruno, CA). 
A standard curve for trans-zeatin riboside was made with 0.0, 0.05, 
0.2, 1.0, 5.0 and 100 pMole per 0.1 ml. 
Mineral Analysis 
Calcium, magnesium, and potassium were determined according to the 
method of Weis (1987). Calcium and magnesium were determined using 
atomic absorption and potassium was determined using atomic emission. 
A 250 mg ground, freeze-dried sample of fruit tissue was weighed 
into a 30 ml porcelain crucible. A 500 mg tissue sample was used from 
fruit sampled at harvest. The crucibles were covered and ashed in a 
500°C muffle furnace for 5 hours. To each crucible, 5 ml of 1 N HC1 
were added, slowly. This mixture was then stirred using a teflon 
stirrer. Depending on the fruit weight, 100 to 300 /il of sample was 
pipeted from the crucible into a 25 ml volumetric flask. A one ml 
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sample was used from the samples at harvest. To each 25 ml volumetric 
flask, 2.5 ml of 10,000 mg-liter'1 cesium and 2.5 ml of 20,000 
mg-liter'1 lanthium were added. Volumetric flasks were filled with 
deionized distilled water, covered, and then shaken. Samples were read 
on an Instrument Laboratories AA/AE VIDEO 11 Spectrophotometer. Calcium 
was determined by atomic absorption with a hollow cathode lamp at a 
wavelength of 422.7 nm, Bandpass 1 nm and lampcurrent 5 mA. Magnesium 
was determined by atomic absorption with a hollow cathode lamp at a 
wavelength of 285.2 nm, Bandpass 1 nm and lampcurrent 3 mA. Potassium 
was determined by atomic emission at a wavelength of 404.4 nm and a 
bandpass of 0.3 nm. 
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CHAPTER IV 
RESULTS 
Calcium Experiments 
Experiment 1 
Application of gibberellin GA4 at 100 mg-liter'1 decreased Ca and 
Mg and increased fruit weight of 'Delicious' apples harvested at FB+25 
(Table 1). BA reduced Ca in developing fruit. Potassium in developing 
fruit averaged 17 mg-g'1 dry weight. There was no effect of Ca modifiers 
or growth regulators on polyamine content in the 25 day old fruit. 
Putrescine, spermidine, and spermine averaged 124, 195 and 61 nMole-g'1 
fresh weight, respectively. 
Foliar application of BA during fruit development decreased Ca and 
increased the percent of the fruit which exhibited bitter pit at harvest 
(Table 2). BA application also increased fruit length, diameter, L:D 
ratio, weight, soluble solids and flesh firmness (Table 3). BA 
application caused fruit thinning (Table 4). The following spring there 
was no treatment effect on return bloom. 
Experiment 2 
Gibberellin (GA4) reduced Ca and Mg levels and increased fruit 
weight in developing fruit collected at FB+24 and FB+37 days (Table 5). 
There was a significant interaction between GA4 and Ca modifier for Mg 
concentration in fruit harvested at FB+24 days. TFP alone decreased 
fruit Mg to the same level as application of GA4. Potassium levels were 
16.9 and 15.0 mg-g'1 dry weight for fruits harvested at FB+24 and FB+37 
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Table 2. Experiment 1. Effects of foliar application of gibberellin 
GA4 or benzyladenine (BA) and verapamil (V) or 
trifluoperazine (TFP) 8 days after full bloom on mineral 
concentrations, bitter pit and seed number in spur-type 
'Delicious'/M.26 apple at harvest. 
Growth 
regulator(G) 
Calcium 
modifier(C) 
Caz Mgz Ky Bitter pit 
(%) 
Seeds/ 
fruit* 
Check 110 252 0.79 9.3 4.7 
vw 109 230 0.71 10.7 5.2 
TFPV 109 245 0.75 10.8 4.9 
ga4“ 103 247 0.83 29.4 4.8 
V 97 231 0.74 13.3 4.9 
TFP 107 242 0.79 13.3 4.8 
BA“ 93 236 0.74 30.1 5.5 
V 98 239 0.76 27.3 5.0 
TFP 99 250 0.78 23.5 5.0 
Significance 
G * NS NS ** NS 
C NS NS NS NS NS 
G X C NS NS NS NS NS 
zHg-gl dry weight. 
ymg-g_1 dry weight. 
xAverage of 180 fruit. 
wApplied at 50 /iM. 
vApplied at 100 /iM. 
“Applied at 100 mg-liter'1 
*’**,NSSignificant at P=0.05 or 0.01, or not significant, respectively. 
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Table 3. Experiment 1. Effects of foliar application of gibberellin 
GA4 or benzyladenine (BA) and verapamil (V) or 
trifluoperazine (TFP) 8 days after full bloom to spur-type 
'Delicious'/M.26 apple on fruit characteristics at harvest. 
Growth Calcium Length Diameter L:DZ Weight Soluble Flesh 
regulator modifier (cm) (cm) (g) solids firmness 
(G) (C) (%) (N) 
Check 6.8 7.7 0.890 192 10.9 80.9 
Vy 6.9 7.9 0.876 201 11.0 80.5 
TFPX 6.9 7.7 0.892 195 10.8 80.9 
ga4w 7.1 8.3 0.855 201 10.3 79.2 
V 7.0 7.7 0.905 197 11.1 80.1 
TFP 7.0 7.7 0.905 197 10.7 79.6 
BAW 7.4 8.1 0.910 233 11.2 82.3 
V 7.3 8.0 0.908 220 11.2 82.7 
TFP 7.4 8.1 0.902 232 11.3 83.2 
Significance 
G *** ** * kkk * •kick 
C NS NS NS NS NS NS 
G X C NS NS NS NS NS NS 
zLength to diameter ratio. 
yApplied at 50 /iM. 
xApplied at 100 /xM. 
wApplied at 100 mg-liter'1. 
******’NSSignificant at P=0.05, 0.01, or 0.001, or not significant, 
respectively. 
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Table 4. Experiment 1. Effects of foliar application of gibberellin 
GA4 or benzyladenine (BA) and verapamil (V) or 
trifluoperazine (TFP) 8 days after full bloom to spur-type 
'Delicious'/M.26 apple on fruit set and return bloom. 
Growth Calcium Fruit set Return bloom 
regulator 
(G) 
modifier 
(C) 
fruit/100 
blossom clusters 
blossom clusters/ 
cm limb circumference 
Check 54 12.2 
Vz 55 15.0 
TFPy 61 11.4 
ga4x 68 10.1 
V 52 11.1 
TFP 41 9.3 
BAX 31 14.2 
V 37 13.1 
TFP 36 15.0 
Significance 
G ** NS 
C NS NS 
G X C NS NS 
zApplied at 50 /xM. 
yApplied at 100 ^M. 
xApplied at 100 mg-liter'1. 
**NSSignificant at P=0.01 or not significant, respectively. 
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Table 5. Experiment 2. Effects of foliar application of gibberellin 
GA4 and verapamil (V) or trifluoperazine (TFP) 14 days after 
full bloom to spur-type 'Delicious'/M.26 apple on mineral 
concentrations and fruit weight of fruit harvested at FB+24Z 
and FB+37 days. 
Fruit weight 
Ca^ Mgy (g) 
Treatment FB+24 FB+37 FB+24 FB+37 FB+24 FB+37 
Check 2.56 1.14 2.35 1.30 2.9 15.4 
Vx 2.55 1.20 2.26 1.28 2.8 14.5 
TFPW 2.18 1.15 2.08 1.26 3.0 15.1 
ga4v 2.30 1.10 2.06 1.22 3.0 15.6 
ga4+v 2.05 1.05 1.94 1.20 3.3 16.3 
ga4+tfp 2.22 1.01 2.12 1.19 3.1 16.2 
Significance 
GA * * ** ** * * 
C“ NS NS NS NS NS NS 
GA X C NS NS * NS NS NS 
z24 days after full bloom. 
ymg-g'1 dry weight. 
xApplied at 50 /iM. 
wApplied at 100 /xM. 
vApplied at 100 mg-liter'1. 
“Calcium modifier. 
*’**’NSSignificant at P=0.05 or 0.01, or not significant, respectively. 
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days, respectively. There was no effect of the treatments on fruit set, 
which averaged 54 fruit per 100 blossom clusters (data not shown). 
At harvest, there was a significant interaction between 
gibberellin and Ca modifiers on the L:D ratio (Table 6). Gibberellin 
alone or in combination with verapamil increased the L:D ratio, whereas 
gibberellin in combination with TFP did not affect L:D ratio. There was 
no effect of the treatments on mineral concentration of the fruit at 
harvest. Fruit averaged 139 and 278 /ig-g'1 dry weight for Ca and Mg, 
respectively and 7.6 mg-g'1 dry weight for K. Return bloom was 
unaffected by either Ca modifier or gibberellin treatment and averaged 
2.8 blossom clusters per cm limb circumference. 
Experiment 3 
Calcium decreased quadraticly, and Mg and K decreased cubicly over 
time during early fruit development (Figure 2). Gibberellin GA4 
application increased fruit weight during early fruit development 
(Figure 3). Fruit weight increased cubicly over time during early fruit 
development. 
At harvest, gibberellin GA4 increased fruit length, L:D ratio, and 
decreased flesh firmness (Table 7). There was no effect of the 
treatments on the percent of fruit which exhibited bitter pit. Fruit Ca 
was increased with Ca modifier application (Table 8). Potassium was 
reduced within those fruit treated with gibberellin. 
Experiment 4 
Fruit weight in developing fruit increased quadraticly over time 
(Figure 4), with those fruit treated with gibberellin GA4/7 weighing more 
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15 20 25 30 35 40 
DAYS AFTER FULL BLOOM 
Figure 2. Experiment 3. Calcium, magnesium, and potassium levels in 
'Delicious' fruit during early fruit development. 
82 
DAYS AFTER FULL BLOOM 
Figure 3. Experiment 3. Effects of 50 pi injection of gibberellin GA4 
(100 mg-liter'1) into the calyx end of 'Delicious' apple 
fruit 15 days after full bloom on fruit weight during early 
fruit development. 
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Table 8. Experiment 3. Effects of 50 /x1 of gibberellin GA4 and 
verapamil (V) or trifluoperazine (TFP) injected into the calyx 
end of 'Delicious'/M.26 apple fruit at FB+152 days on mineral 
concentrations at harvest. 
Treatment cay Mgy Kx 
Check 141 273 0.75 
vw 142 285 0.80 
TFPV 141 291 0.78 
ga4u 121 268 0.74 
ga4+v 148 285 0.76 
ga4+tfp 144 272 0.72 
Significance 
GA NS NS * 
Cl * NS NS 
GA X C NS NS NS 
z15 days after full bloom. 
Vg’g'1 dry weight. 
xmg-g'1 dry weight. 
"Applied at 50 /xM. 
vApplied at 100 /xM. 
“Applied at 100 mg-liter'1. 
‘Calcium modifier. 
*,NSSignificant at P=0.05 or not significant, respectively. 
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DAYS AFTER FULL BLOOM 
Figure 4. Experiment 4. Effects of 50 /il injection of gibberellin 
GA4/,7 (100 mg-liter'1) into the calyx end of 'Delicious' apple 
fruit 13 days after full bloom on fruit weight during early 
fruit development. 
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than those left untreated. Calcium and Mg levels in fruit harvested 16 
to 29 days after full bloom were decreased in those fruit treated with 
gibberellin GA4/7 (Figure 5). Calcium, Mg, and K decreased cubicly 
during early fruit development. During this period, fruit length 
increased quadraticly over time, with fruit treated with gibberellin 
having a different linear component to this relationship than those not 
treated with gibberellin (figure 6). Gibberellin application increased 
fruit diameter, which increased linearly and the L:D ratio decreased 
cubicly with the linear component of the relationship being different 
for those fruit treated with the gibberellin. 
At harvest, gibberellin application increased fruit length and the 
L:D ratio (Table 9). There was no effect of the treatments on Ca, Mg or 
K concentration which averaged 171 /xg-g'1 dry weight, 265 /xg-g'1 dry 
weight, and 8.1 mg-g'1 dry weight, respectively. 
Polvamine Involvement Experiments 
Experiment 5 
Foliar application of BA either 3 or 18 days after full bloom to 
'Golden Delicious' reduced putrescine (Table 10) in fruit collected at 
FB+22 days. It had no effect on spermidine or spemine concentration. 
BA increased length, diameter, and weight of fruit at harvest 
(Table 11). Application at FB+18 days increased length, diameter, 
weight, soluble solids and flesh firmness of the fruit. Gibberellin 
application increased the L:D ratio. Late application of either 
gibberellin GA4 or GA7 promoted seedlessness, which was enhanced by the 
addition of BA. BA application decreased the percentage of fruit which 
packed out into the US Extra Fancy grade for skin russeting and 
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Experiment 4. Effects of 50 nl injection of gibberellin 
GA4/7 (100 mg liter1) into the calyx end of 'Delicious' apple 
fruit 13 days after full bloom on calcium, magnesium, and 
potassium concentration of fruit during early development. 
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Figure 6. 
35 I—-i-1-1-1--1— 
DAYS AFTER FULL BLOOM 
Experiment 4. Effects of 50 pi injection of gibberellin 
GA4/7 (100 mg-liter'1) into the calyx end of 'Delicious' apple 
fruit 13 days after full bloom on length, diameter, and 
length to diameter ratio of fruit during early development. 
89 
X 
>N 
CO 
o 
o 
X 
p 
tfl 
T3 
a) 
G 
CO 
p 
d 
3- 1 
4- 1 
r- on co 
• • • • 
in <t m -g- 
* co co 2 2 
O p 
y w P <D 
•H > 
T3 ^ 
O P 
G CO 
•n 
C co •H y 
•r^ 
C u > co 
-H 
3- 1 
i-l (D 
•H j_) 
2 O 
cO cO 
S4 u cO cO 
u X 
g u 
4- > 
3-i -M 
O Z3 
\ 3-1 
T> lw 
P 
3 C 
_ O 
o 
CO 
c0 
f—in 
r—I t-H 
a) + 
P cQ 
G Pl 
X 
X -U> 
*M cO 
bO 
P 
4-1 -H 
o d 
3-i 
cH 4-1 
G 
O r-i 
m o- 
CL 
4-1 CO 
O 
vO 
CO CM 
P • 
O S 
G \ 
4-1 - 
4-1 CO 
w d 
o 
p 
G 
P 
P 
P 
•H s^s 
a- v- 
W is 00 O • • • • 
O I—I O T—I 
CQ 
X 
CO 
G 
!—I 
Pi¬ 
co 
CO 
•H 
4-1 
CO VO CO 
HON 
CO OO CO 
S'? 
i—i c\ o\ 
O' O O' O' 
Q 
X 
H <t o O' 
i—i in i—i r- 
O' O' O' (O' 
o o o o 
3-1 
G 
P 
a; s 
s e 
cO 
N 4 « N 
O N O O 
Q 
-C 
P - 
bO g i—1 r—I CM VO 
PS VO N vO O 
G — 
X 
CO CO CO 
2 2 2 
Vi Vi Vi 
2 2 2 
CO CO CO 
2 2 2 
* 
* 
* 
CO CO 
2 2 
CO CO CO 
2 2 2 
CO CO 
2 2 
>n 
G 
> 
4-) 
O 
G 
Cl¬ 
io 
G 
P 
P 
P 
G 
O 
•rH 
4h 
•r4 
P 
b0 
•iH 
10 
P 
o 
c 
3-i 
O 
O 
o 
o 
3-1 
O 
• o 
<* *H 
I—^ 
P G 
C Q 
G - 
s 
•h 4h 
p o 
G 
CL T> 
X C 
Pi] G 
O O O' r-l 
CO O CO <4 co co co 
2 2 2 
G 
O 
P G 
- P O 
O' G iH 
E > 4-1 
G P X K + *»—4 
rM G G r~ r- c 
X G G ^ -T b0 
G P X < * < 
H E- u u > o CO 
CJ> 
< > < 
o u o 
O -r 
d 
4h 
P 
G 
3-i 
3-1 
G 
P 
G 
E 
G 
•r^ 
T3 
34 
G O 
P P 
4-1 
G X 
P 
W b0 
>N P 
G G 
Q X 
Jh 
G 
P 
P 
G 
3-i 
G 
4h 
•M 
•o 
o 
E 
"O ^ 
0> G 
m 
o 
o 
l 
a- 
p 
G 
p 
C 
G 
O 
*M 
4-1 
•»H 
c 
bO 
•M 
CO 
O <* 
1 *-H Z 
■ g : 
CJ> *. 
> • 
90 
Table 10. Experiment 5. Effects of foliar applications of 
gibberellins GA4 or GA7 and benzyladenine (BA) to 'Golden 
Delicous' /M. 7 at FBz+3 or FB+18 days, on polyamines in 
fruits harvested at FB+22 days. 
Treatment Putrescine Spermidine Spermine 
(nMole • z'1 fresh wei ght) 
FB+3 days 
Check 84 245 71 
GA/ 76 176 54 
GA7y 110 273 145 
BAy 82 236 97 
ga4+ba 82 211 82 
ga7+ba 77 225 63 
FB+18 days 
Check 86 206 68 
ga4 108 243 83 
ga7 135 292 146 
BA 79 204 59 
ga4+ba 95 222 67 
ga7+ba 83 175 74 
Significance 
TIME(T) NS NS NS 
GA NS NS NS 
BA * NS NS 
T X GA NS NS NS 
T X BA NS NS NS 
GA X BA NS NS NS 
T X GA X BA NS NS NS 
zDays after full bloom. 
y100 mg-liter'1. 
*,NSSignificant at P=0.05 or not significant, respectively. 
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increased the percentage of fruit in the US Utility grade (Table 12). 
Application of a spray treatment, which contained just a surfactant, 
decreased the percentage of fruit in the Extra Fancy grade, with a 
greater decrease with the later application at FB+18 days. This 
resulted in increases in the Fancy, No.l and Utility grades. 
Calcium levels were reduced and Mg levels increased, with 
application at FB+18 days and BA application (Table 13). Either 
gibberellin GA4 or GA7 reduced Ca levels in harvested fruit. 
Fruit set was reduced with BA application especially with the 
later application time (Table 14). The following spring, BA increased 
return bloom. 
Experiment 6 
There was no effect of either GA4 or BA on polyamine content 
during fruit development, so treatments were averaged together for the 
examination of polyamines over time. Putrescine generally decreased 
over time, with two significant peaks occurring at FB+8 and FB+15 days 
(Figure 7). Likewise, spermidine also generally decreased with fruit 
development, with two. significant peaks occurring at FB+11 and FB+18 
days. Spermine was generally constant during fruit development, except 
for a significant peak that occurred at FB+11 days. Fruit weight 
increased during early fruit development (Figure 8). 
At harvest, length and L:D ratio were increased in those fruit 
receiving GA4 (Table 15). BA reduced the percentage of fruit classified 
as US Extra Fancy and increased the percentage packout in Fancy, No.l 
and Utility grades (Table 16). GA7 and BA reduced fruit Ca from 191 to 
158 /ig-g'1 dry weight (data not shown). There was no effect of either 
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Table 12. Experiment 5. Effects of foliar applications of GA4, GA7, 
and benzyladenine (BA) at FBz+3 or FB+18 days to 'Golden 
Delicious' on percent of fruit in each US russet class at 
harvest. 
US classifications for russety 
Treatment Extra 
fancv 
Fancy No. 1 Utility 
FB+3 days 
Check 72.6 7.5 5.0 14.9 
ga4x 92.5 2.9 2.5 2.1 
GA7x 92.6 3.3 2.9 1.2 
BAX 61.7 9.1 7.3 22.8 
GA4+BA 87.9 2.9 2.9 6.2 
ga7+ba 90.4 3.8 1.7 3.8 
FB+18 days 
Check 54.8 10.4 10.0 24.4 
ga4 95.1 1.2 1.6 2.0 
ga7 96.7 1.7 1.2 0.4 
BA 37.8 14.2 15.6 30.7 
ga4+ba 93.7 2.1 2.6 1.6 
ga7+ba 91.8 3.7 1.2 2.5 
Significance 
TIME(T) NS NS NS NS 
GA *** •kick 
BA ** NS NS * 
T X GA *•*•■*■ * ** * 
T X BA NS NS NS NS 
GA X BA NS NS NS NS 
T X GA X BA NS NS NS NS 
zFull bloom. 
yUS Extra fancy, Fancy, No.1, and Utility grades, 0-10, 11-15, 16-25, 
and < 25 percent russeting, respectively. 
xApplied at 100 mg-liter'1. 
*’**’***’NSsignificant at P=0.05, 0.01, or 0.001, or not significant, 
respectively. 
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Table 13. Experiment 5. Effects of foliar applications of 
gibberellins GA4 or GA7 and benzyladenine (BA) at FBz+3 or 
FB+18 days on mineral concentrations of fruit at harvest. 
Treatment cay Mgy Kx 
FB+3 days 
Check 203 221 5.1 
ga4w 159 209 4.9 
GA7w 154 203 5.0 
BAW 156 226 5.6 
ga4+ba 152 221 5.6 
ga7+ba 153 211 5.2 
FB+18 days 
Check 196 216 5.2 
ga4 124 225 5.8 
ga7 136 216 5.4 
BA 132 228 5.8 
ga4+ba 114 226 5.4 
ga7+ba 115 233 5.4 
Significance 
TIME(T) * * NS 
GA * NS NS 
BA * * NS 
T X GA NS NS NS 
T X BA NS NS NS 
GA X BA NS NS NS 
T X GA X BA NS NS NS 
zFull Bloom. 
Vg-g"1 dry weight. 
hng-g'1 dry weight. 
"Applied at 100 mg-liter'1. 
*,NSSignificant at P=0.05 or not significant, respectively. 
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Table 14. Experiment 5. Effects of foliar applications of 
gibberellins GA4 or GA7 and benzyladenine (BA) to 'Golden 
Delicous'/M.7 at FBz+3 or FB+18 days on fruit set and return 
bloom. 
Treatment Fruit sety Return bloomx 
FB+3 days 
Check 85.6 3.11 
ga4w 102.3 2.01 
GA7w 107.8 1.38 
BAW 78.3 2.60 
GA4+BA 76.5 6.43 
ga7+ba 72.5 3.46 
FB+18 days 
Check 73.8 1.47 
ga4 68.6 2.61 
ga7 66.4 0.68 
BA 38.4 8.71 
ga4+ba 46.1 6.10 
ga7+ba 24.1 1.53 
Significance 
TIME(T) NS 
GA NS NS 
BA ** 
T X GA NS NS 
T X BA NS NS 
GA X BA NS NS 
T X GA X BA NS NS 
zDays after full bloom. 
yFruit per 100 blossom clusters. 
xBlossom clusters • cm'1 limb cirucumference . 
w100 mg-liter'1. 
**’***,NSSignificant at P=0.01 or 0.001, or not significant, 
respectively. 
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7. Experiment 6. Polyamine levels in developing 'Golden 
Delicious' fruit. 
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Figure 8. Experiment 6. Effects of foliar applications of gibberellin 
GA7 (100 mg-liter'1) or benzyladenine (BA, 100 mg-liter'1) to 
'Golden Delicious' at 20 days after full bloom on fruit 
weight during early development. 
98 
o 
CM 
+ N 
CQ 
h 
p 
\ 4j 
to , 
ccJ 
< 
x*d 
® u 
as X 
co ^ 
cQ 
as 
G 
•p 
c 
as co 
X 
ccS x w 
“ i 
i—i 
>-> 
N 
G -H 
as 4H 
X 
P 
o 
<f cm in 
MO VO vo 
4 cn rl 
ss oo vo 
I--'- r- 
on 
CO 
!2J 
I" • 
<d P 
o co 
<D 
C > 
•P P 
r—I ecS 
<—i X 
OS 
P p 
a) G 
X) 
X) co 
•rH O 
bO <rH 
4-1 
4h co 
O -P 
P 
C as 
O 4-1 
•H O 
4J ccS 
<TS 5-4 
O G 
•P X 
t—I O 
a 
a. 4-> 
03 *p 
G 
P P 
CCS 4-1 
*fH 
r—I C 
o o 
4H 
OS 
O 
CO 
CO 
X) /-> 
•rH S>2 
VO I—I CM 
O r-l r-l 
O 
CO 
>• 
Q 
as as oo 
CM VO CM 
Ov Ov Ov 
X O O O 
5-1 
as 
4-1 y-s 
as E 
6 e 
ccS ' 
•rH 
a 
in vo r-^ 
vo vo vo 
co 
2 
-* 
* 
* 
CO 
23 
4-1 CO 
O G 
O 
CO tH 
P o 
O *rH 
as t-h 
4-1 0) 
4-4 Q 
w 
c 
a; 
• X 
X 
4-> 
40 E 
C E 
a) w 
X 
i—I -J" CM 
VO VO VO 
-X 
* 
vO 
P 
c 
a) 
E 
•rH 
P 
as 
a, 
x 
o 
o 
o 
p 
co 
nS 
P 
X 
bO 
•rH 
as 
& 
b0 
W X p 
as G 
a as 
c E 
• P ccS p 
m C O ccS 
i—i as •rH as 
B 4h P 
as p X •rH H 
r—H ccS a c 
X as as x r-x bO 
CCS p X < < •rH 
H H O O Od co 
Mt CM CO 
CM CO CO 
CO 
2 
r—H 
as 
> 
•rH 
p 
o 
as 
P- 
co 
as 
p 
p 
C 
ccS 
O 
•rH 
4-4 
•rH 
G 
bO 
•H 
CO 
P 
O 
C 
P 
o 
o 
o 
p 
o 
o -r 
•P u <-»* 
p as c> 
ccs p II 
P >H ^ 
E 
o 
O 
P 
as 
p 
as 
B 
ccJ 
•rH 
x 
o 
p 
. p 
bO ^ 
S u 
G 
CCS 
o 
•rH 
4-1 
O 
O 
P 
CCS 
pq X 
p 
r-H bO 
i—l c 
G as 
U-1 X 
G 
bO 
•rH 
co 
<s> 
CUP 
X 
as 
•p 
99 
Table 16. Experiment 6. Effects of foliar application of gibberellin 
GA7 and benzyladenine (BA) at FBz+20 days to 'Golden 
Delicous' on percent of fruit in each US russet class at 
harvest. 
US classifications for russety 
Treatment Extra Fancy No.l Utility 
fancy 
Check 97.8 1.2 1.0 0.0 
GA7x 90.9 5.0 2.2 1.9 
BAX 56.6 9.7 15.9 17.8 
Significance 
Treatment •k-k-k * •k-kic •kick 
zFull Bloom. 
yUS Extra fancy, Fancy, No.l, and Utility grades, 0-10, 11-15, 16-25, 
and < 25% russeting, respectively. 
xApplied at 100 mg-liter'1. 
****Significant at P=0.05 or 0.001, respectively. 
100 
growth regulator on either Mg or K concentrations which averaged 220 
fig-g1 dry weight and 4.9 mg-g'1 dry weight, respectively. Return bloom 
averaged 0.4 blossom clusters•cm'1 limb circumference, and was unaffected 
by growth regulator application. 
Experiment 7 
There was no effect of the growth regulators on polyamine 
concentration in the developing fruit. Therefor, treatments were 
averaged together for the examination of polyamines over time. 
Putrescine and spermidine decreased cubicly during early fruit 
development (Figure 9). There was no change in spermine with time. 
Fruit weight increased quadraticly with time with a significant 
interaction between the linear component of time and growth regulator 
treatment (Figure 10). 
At harvest, Ca was reduced in those fruit treated with GA4 (Table 
17). There was no effect of any treatment on Mg or K levels in the 
fruit. Gibberellin treatment increased fruit length, diameter and L:D 
ratio, and BA treatment increased fruit diameter and flesh firmness 
(Table 18). BA reduced the percentage of fruit which graded US Extra 
Fancy for russeting, and increased the percentage of fruit grading into 
the Fancy, No.1 and Utility classes (Table 19). Return bloom was less 
than 0.1 blossom clusters•cm'1 limb circumference for the check, GA4, and 
GA7 treatments. BA increased return bloom to 1.1 blossom clusters•cm'1 
limb circumference (data not shown). 
101 
fr
e
sh
 w
ei
g
h
t 
POLYAMINES 
DAYS AFTER FULL BLOOM 
Figure 9. Experiment 7. Polyamine levels in developing 'Golden 
Delicious' fruit. 
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FRUIT WEIGHT 
DAYS AFTER FULL BLOOM 
Figure 10. Experiment 7. Effects of foliar applications of ^ 
gibberellins GA4, GA7, or benzyladenine (BA) (125 mg-liter ) 
to' 'Golden Delicious' at 15 and 27 days after full bloom on 
fruit weight during early development. 
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Table 17. Experiment 7. Effects of foliar applications of gibberellin 
GA4 or GA7 or benzyladenine (BA) at FBZ+15 and FB+27 days to 
'Golden Delicious' on mineral concentration of fruit at 
harvest. 
Treatment Ca* Mgy Kx 
Check 174 205 4.7 
ga4w 142 216 4.8 
GA7w 160 210 4.6 
BAW 162 217 4.7 
Significance 
Treatment * NS NS 
zFull Bloom. 
Vg’g’1 dry weight. 
’‘mg-g’1 dry weight. 
wApplied 2 X at 125 mg-liter’1. 
*NSSignificant at P=0.05 or not significant, respectively. 
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Table 19. 
Treatment 
Experiment 7. Effects of foliar applications of gibberellin 
GA4 or GA7 and benzyladenine (BA) at FBZ+15 and FB+27 days to 
'Golden Delicious' on percent of fruit in US russet classes 
at harvest. 
US classification for russety 
Extra 
fancv 
Fancy No 1. Utility 
Check 98.2 1.1 0.4 0.4 
ga4x 92.5 4.3 1.8 1.4 
GA7x 92.8 5.7 0.7 10.7 
BAX 35.7 17.5 23.2 23.6 
Significance 
Treatment ■kick kkk kkk * 
zFull Bloom. 
yUS Extra fancy, Fancy, No.l, and Utility grades, 0-10, 11-15, 16-25, 
and < 25 percent russeting, respectively. 
xapplied at 2 X 125 mg-liter'1. 
*’***Significant at P=0.05 or 0.001, respectively. 
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Experiment 8 
Fruit weight increased during fruit development in 'Cortland' 
(Figure 11). Smaller fruit were approximately three days behind in 
growth than the larger fruit. There was no differences between fruit 
categories in putrescine content in the developing fruit (Figure 12). 
Putrescine generally decreased with development quartically. Small 
fruit initially had greater levels of spermidine than larger fruit. 
However, this difference disappeared with later fruit development. 
Spermine concentration in developing 'Cortland' fruit increased in the 
small fruit at FB+25 days. Spermine levels dropped as fruit started to 
show signs of abscision. 
Experiment 9 
Fruit set was reduced by all the growth regulator treatments 
(Figure 13). Limbs treated with GA4/7 plus BA were thinned of 
essentially all their fruit by FB+25 days in an additive manner. BA 
alone thinned fruit to 40 percent of control limbs and GA4/7 alone 
thinned fruit to 65 percent of control limbs. Fruit weight was reduced 
by all growth regulator treatments (Figure 14). BA reduced fruit size 
more than GA4/7. Putrescine concentration in the developing fruit 
decreased cubicly with time (Figure 15). There was a significant 
interaction between time and BA. Those fruit treated with gibberellin 
alone increased in putrescine initially and then dropped to the same 
levels as in the other treated fruit. Spermidine levels in developing 
fruit decreased cubicly with time. Spermine levels in developing fruit 
also decreased cubicly with time. 
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Figure 11. Experiment 8. Fruit weight in large, small, and abscising 
fruit on a fruit cluster in 'Cortland' during early 
development. 
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Figure 12. Experiment 8. Polyamine concentration in large, small, and 
abscising fruit on a fruit cluster in Cortland during 
early development. 
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Figure 13. Experiment 9. Abscission rates in 'Golden Delicious' limbs 
treated with a foliar application of gibberellin GA4/,7 (100 
mg-liter'1) and/or benzyladenine (BA, 100 mg-liter'1) 7 days 
after full bloom. 
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Figure 14. Experiment 9. Effects of foliar applications of gibberellin 
GAip (100 mg-liter1) and/or benzyladenine (BA) (100 
mg-liter1) to 'Golden Delicious' 7 days after full bloom on 
fruit weight during early development. 
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Figure 15. Experiment 9. Effects of foliar applications of gibberellin 
GA4/7 (100 mg-liter'1) and/or benzyladenine (BA) (100 
mg-liter'1) to 'Golden Delicious' 7 days after full bloom on 
polyamines in fruit during early development. 
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Putrescine levels in leaves generally decreased linearly with time 
(Figure 16). A significant interaction was found between the linear 
component of time and BA. Putrescine levels remained constant in those 
leaves not receiving BA, and there was a linear decrease in leaves 
receiving BA treatment. BA treated leaves initially had much higher 
levels of putrescine than those not treated. There was no significant 
effect of treatment or time on spermidine or spermine levels in leaves. 
BA application increased the trans-zeatin riboside-like levels in 
leaves (Table 20). A significant interaction was found between the 
linear and quadratic components of time and BA. Zeatin/zeatin riboside 
decreased quadraticly over time in leaves sprayed with the BA. There 
was no change with time in leaves not receiving the BA treatment. 
At harvest, a significant interaction between gibberellin GA4/,7 
and BA occurred for the variables of fruit weight, length, diameter, and 
Ca and K levels (Table 21). Fruit weight was increased with BA or GA4/7 
application alone, with a greater increase with BA application. Calcium 
levels in fruit were reduced with growth regulator application (Table 
22). Fruit receiving GA4/7 alone were reduced the most. There was no 
effect of growth regulator treatment on Mg levels in the fruit. 
Potassium levels were increased in those fruit receiving a combination 
of the GA4/7 and BA. The percentage of fruit achieving the Extra Fancy 
classification for fruit russeting was increased by treatment with 
gibberellin alone and decreased by treatment with BA alone (Table 23). 
Return bloom was 0.1, 0.2, 9.9, and 1.7 blossom clusters•cm'1 limb 
circumference for the check, GA4/7, BA and GA4/7+BA treatments, 
respectively (data not shown). Return bloom was increased with BA 
application, especially when the BA was applied alone. 
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Figure 16. Experiment 9. Effects of foliar applications of gibberellin 
GA4/7 (100 mg-liter'1) and/or benzyladenine (BA) (100 
mg-liter'1) to 'Golden Delicious' 7 days after full bloom on 
polyamines in leaves during early development. 
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Table 20. Experiment 9. Effects of foliar gibberellin (GA4/7) and 
benzyladenine (BA) application to 'Golden Delicious' 7 days 
after full bloom on trans-zeatin riboside-like levels 
(nMole-g1 dry weight) in leaves during fruit development. 
Days after treatment 
Treatment 3 7 10 
Check 4.4 4.3 2.1 
GA4/7Z 4.5 2.8 2.0 
BAZ 263.5 72.1 41.6 
GA4/7+BA 336.0 94.7 39.3 
Source Siznificance 
Replication NS 
GA NS 
BA kkk 
GA X BA NS 
Error A 
Time kkk 
GA X Time NS 
BA X Time •kick 
linear X linear kkk 
linear X quadratic k 
-BA linear effect of time NS 
+BA linear effect of time kkk 
-BA quadratic effect of time NS 
+BA quadratic effect of time kk 
GA X BA X Time NS 
zApplied at 100 mg-liter'1. 
*’**’***’NSsignificant at P=0.05, 0.01 or 0.001, or not significant, 
respectively. 
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Table 22. Experiment 9. Effects of foliar application of gibberellin 
GAAp and/or benzyladenine (BA) at FBz+7 days to 'Golden 
Delicious' on mineral concentrations at harvest. 
Treatment cay Mgy Kx 
Check 201 242 5.7 
ga4/7w 
BA'*' 
138 273 5.8 
157 245 5.7 
GA4/7+BA 150 260 6.7 
Significance 
GA NS NS * 
BA ** NS *•* 
GA X BA * NS * 
zFull Bloom. 
Vg-g'1 dry weight. 
’‘mg-g’1 dry weight. 
wApplied at a rate of 100 mg-liter'1. 
*’”NSSignificant at P=0.05 or 0.01, or not significant, 
respectively. 
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Table 23. Experiment 9. Effects of foliar application of gibberellin 
GAAp and/or benzyladenine (BA) at FBz+7 days to 'Golden 
Delicious' on percent of fruit in each US russet class at 
harvest. 
US classifications for russety 
Treatment Extra 
fancy 
Fancy No. 1 Utility 
Check 66.1 20.3 9.2 3.3 
GV 90.0 8.3 0.8 0.8 BA 22.8 19.4 19.7 38.1 
GA4/7+BA 68.1 21.3 8.3 2.2 
Significance 
GA •kick NS kkk kkk 
BA kkk NS kkk kkk 
GA X BA k NS NS kkk 
zFull Bloom. 
yUS Extra fancy, Fancy, No.1, and Utility grades, 0-10, 11-15, 16-25, 
and < 25 percent russeting, respectively. 
xApplied at 100 mg-liter'1. 
*’***NSSignificant at P=0.05 or 0.001, or not significant, respectively. 
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Experiment 10 
A combination of Ga4/7 plus BA initially increased fruit retention 
but final fruit set was reduced (Figure 17). Fruit began to abscise 
earlier from limbs with BA alone than those limbs treated with 
gibberellin. GA4/7 increased fruit weight cubicly with time (Figure 18). 
There was no effect of the growth regulators on putrescine, spermidine 
or spermine in the developing fruit (Figures 19). Putrescine and 
spermine decreased linearly whereas spermidine decreased cubicly with 
time. 
At harvest, postbloom application of gibberellin increased fruit 
weight, length, diameter, and the L:D ratio (Table 24). BA increased 
weight, length, diameter and soluble solids. Flesh firmness and average 
number of seeds per fruit were decreased by BA and GA4/,7, respectively. 
BA reduced the percentage of fruit packing out into the Extra Fancy 
grade for russeting (Table 25). This resulted in an increase in the 
percentage of fruit in the No 1. and Utility grades. GA4/7 did not 
influence russet when applied at FB+23 days. Application of either 
GA4/7 or BA reduced fruit Ca from 240 to 181 /ig-g'1 dry weight (Table 26). 
There was no effect of either growth regulator on Mg or K concentration 
which averaged 216 /ig-g'1 dry weight and 4.8 mg-g'1 dry weight, 
respectively. There was no return bloom on any of the limbs the 
following spring (data not shown). 
Experiment 11 
Fruit set was reduced by 60% by shading 'Idared' limbs from FB+16 
to FB+26 days (Figure 20). Shading induced fruit abscision, which did 
not begin to occur until after the shade cloth had been removed. 
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Figure 17. Experiment 10. Abscission rates in 'Golden Delicious' limbs 
treated with a foliar application of gibberellin GAAp (125 
mg-liter'1) and/or benzyladenine (BA, 125 mg-liter1) 23 days 
after full bloom. 
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Figure 18. Experiment 10. Effects of foliar applications of 
gibberellin GA4/,7 (125 mg-liter'1) and/or benzyladenine (BA) 
(125 mg-liter'1) to 'Golden Delicious' 23 days after full 
bloom on fruit weight during early development. 
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Figure 19. Experiment 10. Effects of foliar applications of 
gibberellin GAAp (125 mg-liter'1) and/or benzyladenine (BA) 
(125 mg-liter'1) to 'Golden Delicious' 23 days after full 
bloom on polyamines in fruit during early development. 
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Table 25. Experiment 10. Effects of foliar application of gibberellin 
GA4/7 and/or benzyladenine (BA) at FBz+23 days to 'Golden 
Delicious' on percent of fruit in US russet classes at 
harvest. 
US classifications for russety 
Treatment Extra 
fancv 
Fancy No 1. Utility 
Check 57.9 26.7 11.2 4.2 
GA4/7x 52.5 31.7 12.0 3.8 
BAX 26.2 29.2 32.9 11.7 
GA4/7+BA 32.0 25.7 25.3 17.0 
Significance 
GA NS NS NS NS 
BA ** NS ■*■*"*• ** 
GA X BA NS NS NS NS 
zFull Bloom. 
yUS Extra fancy, Fancy, No.l, and Utility grades, 0-10, 11-15, 16-25, 
and < 25 percent russeting, respectively. 
xApplied at 100 mg-liter'1. 
**’***’NSSignificant at P=0.01 or 0.001, or not significant, respectively. 
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Table 26. Experiment 10. Effects of foliar application of gibberellin 
GAip and/or benzyladenine (BA) at FBz+23 days to 'Golden 
Delicious' on mineral concentrations at harvest. 
Treatment c ay Mgy Kx 
Check 240 220 4.8 
GA4/7w 
BAJ 
186 218 5.1 
186 217 4.5 
GA4y7+BA 172 209 4.7 * 
Significance 
GA * NS NS 
BA * NS NS 
GA X BA NS NS NS 
zFull Bloom. 
Vg-g’1 dry weight. 
^g-g'1 dry weight. 
wApplied at a rate of 100 mg-liter'1. 
*,NSSignificant at P=0.05 or not significant, respectively. 
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Figure 20. Experiment 11. Effects of shading from 16 to 26 days after 
full bloom with 92 percent shade cloth on fruit abscision m 
'Idared'. 
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Fruit weight of small and abscising fruit did not differ on shaded 
and the unshaded limbs (Figure 21). The small fruit increased cubicly 
with time and the abscising fruit increased quarticly with time. 
Initially, fruit weight of large fruit from shaded and unshaded limbs 
was comparable; however, following shade cloth removal, fruit from 
unshaded limbs weighed more than fruit from the shaded limbs. 
Putrescine was higher in large fruit from unshaded limbs (Figure 
22). Initially there was an increase in putrescine, followed by a drop 
and then a leveling off. In the small fruit there was a cyclic response 
with time. It appears that shaded and unshaded fruit are on different 
cycles. Shading did not influence putrescine levels in abscising fruit. 
Shading did not influence spermidine concentration in any of the 
fruit types (Figure 22). With time, there was a linear decrease in 
spermidine in the large fruit and a quadratic decrease in the small 
fruit. There was no effect of time on spermidine in the abscising 
fruit. 
Shading did not influence spermine concentration in any of the 
fruit types (Figure 22). With time, spermine levels remained unchanged 
in large fruit and decreased quadraticly in small fruit. Abscising 
fruit responded cubicly by having a sharp increase in spermine level at 
FB+29 days. 
There was a linear decrease in fruit Ca in the large, small, and 
abscising fruit categories (Figure 23). Shading increased fruit Ca in 
small fruit. Fruit Mg decreased linearly in the small and abscising 
fruit and shading increased the levels in both fruit categories. 
Magnesium decreased linearly with time in large fruit. Shaded fruit 
contained more fruit K than unshaded fruit in all three fruit 
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Experiment 11. Effects of shading from 16 to 26 days after 
full bloom with 92 percent shade cloth on fruit weight in 
large, small, and abscising 'Idared' fruit during early 
development. 
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Figure 22. Experiment 11. Effects of shading from 16 to 26 days after 
full bloom with 92 percent shade cloth on polyamines in 
large, small, and abscising 'Idared' fruit during early 
development. 
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Figure 23. Experiment 11. Effects of shading from 16 to 26 days after 
full bloom with 92 percent shade cloth on calcium, 
magnesium, and potassium levels in large, small, and 
abscising 'Idared' fruit during early development. 
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categories. Potassium increased quadraticly with time in the abscising 
fruit. Fruit K decreased linearly in unshaded large fruit however, in 
the shaded large fruit, K levels fluctuated considerably during early 
fruit development. In the small fruit, there was a linear decrease in 
fruit K with time. 
Shading reduced dry matter, putrescine, and spermidine 
concentration of leaves harvested at FB+21 days (Table 27). Putrescine 
was reduced from 209 to 100 nMole-g'1 fresh weight and spermidine was 
reduced from 193 to 140 nMole-g'1 fresh weight. Shading increased the 
trans-zeatin riboside-like content in the leaves two-fold. Return bloom 
was unaffected by the shading treatment. 
Trans-Zeatin/Trans-Zeatin Riboside Experiment 
Experiment 12 
BA increased trans-zeatin riboside-like formation in 'McIntosh' 
leaves quadraticly with application rate (Table 28). In untreated 
leaves there was no change in trans-zeatin riboside over the course of 
leaf harvest. The increase in cytokinin levels with BA treatment 
occurred within two hours following application. Over the next 8 days, 
trans-zeatin riboside-like content in treated leaves decreased cubicly. 
Washing reduced the trans-zeatin riboside levels by half in leaves 
collected 4 days after treatment with 100 mg-liter'1 BA. 
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Table 27. Experiment 11. Effects of shading with 92% shade cloth from 
16 to 26 days after full bloom on polyamines, dry weight and 
trans-zeatin riboside-like (t-Z) levels in leaves collected 
21 days after full bloom. 
Treatment Polvamines (nMole • g'1 fresh weight) % dry weight t-Zz 
Putrescine Spermidine Spermine 
Check 209 193 56 35.24 0.9 
Shade 100 140 31 29.14 1.6 
Significance ** * NS •kick * 
znMole-g'1 dry weight. 
*,**,***,ns significant at P=0.05, 0.01, or 0.001, or not significant, 
respectively. 
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Table 28. Experiment 12. Effects of foliar application of 
benzyladenine (BA) at 50 or 100 mg-liter'1 on trans-zeatin 
riboside-like levels in 'McIntosh' leaves treated May 31, 
1990. 
Treatment _Days after treatment 
2 hours 1 4 8 
Check 8.0 9.8 5.1 3.3 
BA (50) 202.7 135.2 89.1 48.3 
BA (100) 376.2 438.8 229.6 111.6 
Check-washed2 2.4 5.0 
BA (50)-washed 41.6 49.0 
BA (100)-washed 114.4 81.7 
Abbreviated Anova Sienificance 
Replication (Rep) NS 
Treatment (Trt) *•*••*■ 
Rep X Trt (Error A) 
Time •k-k-k 
Time X Trt •k-k-k 
zLeaves washed in water and dried after sampling. 
***NSSignificant at P=0.001 or not significant, respectively. 
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CHAPTER V 
DISCUSSION 
Calcium Involvement in Gibberellin and Cvtokinin Response in Apple 
Following the discovery of calmodulin and calmodulin-dependent 
enzymes in plants, a role of Ca2+ as a 'second messenger' in plants was 
demonstrated (Poovaiah and Reddy, 1987). However, the involvement of Ca 
as a 'second messenger' in hormone response in higher plants is more 
tenuous (Elliot, 1986). In order for a response to occur, a change in 
cytosolic Ca concentration must also occur (Hanson, 1983; Marme, 1986; 
Poovaiah, 1985; Poovaiah and Reddy, 1987). Cytosolic Ca changes have 
been followed with some success in animal cells using Ca2+-binding dyes, 
Ca2+-activated photoproteins, and Ca2+- selective electrodes. 
Unfortunately, the measurement of cytosolic Ca2+ in plant cells is 
difficult because of the presence of cell walls, a thin layer of 
cytoplasm, and high turgor pressure (Cork, 1986a, 1986b; Poovaiah and 
Reddy, 1987; Thomas, 1986). Therefore, the study of Ca-mediated hormone 
response in plants may be approached indirectly by manipulating the 
response with known Ca transport modifiers and calmodulin inhibitors, 
inferring that changes in cytosolic Ca have occurred. 
Evidence for strong involvement of Ca in mediating hormone- 
induced response during apple fruit development was lacking in the 
'Delicious' experiments. Generally, there is an inverse relationship 
between fruit Ca concentration and fruit size (Perring, 1968b; Vang- 
Petersen, 1980). A poor relationship between fruit weight and Ca level 
in developing fruit was observed in Experiment 1 in fruit treated with 
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BA (Table 1). Fruit size remained unchanged but fruit Ca was decreased 
in fruit receiving BA. Seeds have been reported to be a rich source of 
Ca within apple fruit (Himelrick and McDuffie, 1983). However, this 
reduction in fruit Ca in BA treated fruit was not due to a reduction in 
seed number, as BA treatment did not reduce the average seed number per 
fruit at harvest (Table 2). It is possible that the BA may be 
redirecting Ca from the fruit into the leaves, accounting for the 
reduction in Ca in the developing fruit. Shear and Faust (1970) found 
that a foliar spray application of kinetin or BA during apple fruit 
development increased the movement of 45Ca applied to roots into leaves. 
However, on a whole plant basis, Ca is found to be relatively immobile 
(Jones et al., 1983), Ca transport takes place primarily in the xylem 
(Himelrick and McDuffie, 1983; van Goor and Wiersma, 1974), and movement 
from fruit into leaves would involve primarily phloem transport. 
Another possibility is that in the BA treated fruit, the Ca is not going 
into the fruit at all, but rather, directly into the leaves. 
Unfortunately, to assess this, Ca measurements on leaf tissue would have 
had to have been made. 
During fruit development in Experiment 2, foliar application of 
TFP alone reduced magnesium in fruit collected at FB+24 days (Table 5). 
A reduction in magnesium following TFP application was unexpected. 
Levin and Weiss (1979) have shown that Mg2+ was ineffective as an 
inducer of strong TFP binding to calmodulin. However, many of the Ca 
modifying compounds are not entirely specific to Ca but may also 
influence other cations (Triggle, 1982) The ion chelators, 
ethyleneglycol-bis-(/?-aminoethyl ether) N,N,N',N'- tetracetic acid 
135 
(EGTA) and ethylenediaminetetraacetic acid (EDTA), can remove both Ca2+ 
and Mg2+ (Hepler and Wayne, 1985). 
Fruit characteristics at harvest can be a good indication of 
hormone response in apple tissue. An increase in L:D ratio following 
gibberellin application is well documented (Kondo, 1989; Martin et al., 
1970; Stembridge and Morell, 1972; Westwood and Bjornstad, 1968; 
Williams and Letham, 1969; Williams and Stahly, 1969). In Experiment 2, 
L:D ratio was increased with GA4 plus verapamil, and decreased to a 
level comparable to the control fruit with the simultaneous application 
of GA4 and TFP (Table 6). These data support the hypothesis that 
gibberellin response is being mediated through Ca. The decrease in 
response with TFP would indicate that calmodulin mediation may be 
necessary for gibberellin response. This agrees with data of Elliot et 
al., (1983) who found that TFP prevented the gibberellic acid-dependent 
induction of a-amylase synthesis. An increased GA4 response with 
simultaneous verapamil application does not necessarily invalidate this 
conclusion, as verapamil as a Ca channel blocker decreases levels of 
free cytosolic Ca (Triggle, 1982) and TFP has been demonstrated to 
increase levels of free cytosolic Ca (Gilroy et al., 1987). 
Unfortunately, the Ca modifier effects on gibberellin-induced increases 
in L:D ratio in apple were not repeated in Experiment 3 (Table 7) and 
Experiment 4 (Table 9). This in part may be due to hormone responses on 
fruit L:D ratios are limited to application at rather narrow period of 
time around bloom (Greene, 1989). Application in these investigations 
was made around two weeks following full bloom, which is after the 
optimum time to influence L:D ratios. Although there are some selected 
instances of response, the results are neither consistent nor 
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repeatable. Therefore, these experiments do not provide conclusive 
evidence that there is an involvement of Ca in hormone response in 
apple. 
The role of Ca in hormone-induced response has been studied in two 
ways (Elliot, 1986). In one approach, Ca is exogenously applied with 
the hormone of interest, to see if there is some modification of hormone 
response. This approach poses several problems. An assumption is made 
that there is a Ca deficiency in the plant, or plant tissue, which may 
not necessarily be the situation. In addition, high levels of Ca stored 
in cell walls and vacuoles in plants may also possibly be used by the 
plant in the response, making it difficult to demonstrate an effect of 
added Ca (Elliot, 1986). The Ca content in cell walls may be too large 
or inaccessible for easy removal (Hepler and Wayne, 1985). More precise 
regulation of external Ca concentration is possible in systems that are 
single cell or cultured cell preparations than in multicellular systems, 
due to the accessibility of the cell wall compartment (Hepler and Wayne, 
1985). Calcium content in protoplasts can be controlled and regulated 
more easily through the control and definition of the ionic composition 
of the outside media (Elliot and Yuguang, 1989). 
A second approach to study Ca mediation is through the use of Ca 
modifiers (La3+, verapamil, D600), which work by affecting Ca transport 
(Triggle, 1982), or Ca binding to calmodulin (TFP). A difficulty with 
this second approach, the one that was used in the studies on 
'Delicious' apple, is that there may be other non-specific effects of 
these Ca modifying compounds that are not related to the Ca modifying 
effects. Many calmodulin antagonists have been shown to exert other 
pharmacological actions in animal tissue at concentrations lower than 
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those at which they inhibit calmodulin function (Triggle, 1982). Many 
of these drugs also have generalized membrane effects which make it 
difficult to interpret their effects as specific calmodulin effects in 
vivo (Kauss, 1982; Landry et al., 1981; Shatzman et al., 1981). For 
example TFP caused changes in the structure and mobility of cytoplasm 
which were indistinguishable from those caused by the exposure to 
chilling temperatures (Woods et al., 1984). 
Most work with calmodulin-binding drugs and Ca transport 
inhibitors in plants has been conducted either with large celled mosses 
such as Funaria (Saunders and Hepler, 1982), isolated plant parts such 
as Amaranthus cotyledons or wheat coleoptiles (Elliot et al., 1983), or 
isolated parts of plant cells, such as protoplasts (Elliot and Yuguang, 
1989). In the studies with apple, cells were neither large nor 
isolated. A whole plant system was treated in the field, where 
interrelationships exist and environmental and physiological variables 
can not be controlled. It is not known to what extent verapamil and TFP 
penetrated the apple tissue by either a foliar spray application or by 
injection into the calyx end of the developing fruit. If the compounds 
were able to penetrate the tissue, it is not known whether they were 
applied at the appropriate time, in relation to hormone application, to 
influence hormone response. Gibberellins are known to penetrate and 
move into tissue quickly (Taylor and Knight, 1986) whereas the 
penetration and movement characteristics of verapamil or TFP are 
unknown. The concentrations of the Ca modifiers used were based on work 
by Saunders and Hepler (1983) with Ca modulation of cytokinin-induced 
bud formation in Funaria. It is possible, but unlikely that the levels 
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used in this investigation may not have been sufficiently high to elicit 
a response in apple. 
In conclusion, these data do not support an involvement of calcium 
in hormone response in apple. 
Polvamines 
Polvamines and Flower Bud Initiation in Apple 
Exogenously applied polyamines may increase floral initiation in 
apple (Rohozinski et al., 1986). Gibberellins are effective inhibitors 
of flower bud formation in apple (Dennis and Edgerton, 1966; Greene, 
1989; Greenhalgh and Edgerton, 1967; Guttridge, 1962; Meador and Taylor, 
1987; Marcelle and Sironval, 1963). It may be hypothesized that 
gibberellins are inhibiting flowering by lowering the endogenous levels 
of polyamines within developing fruit. Likewise, cytokinins have been 
demonstrated to increase return bloom (Hoad, 1980; McLaughlin and 
Greene, 1984; Ramirez and Hoad, 1979) and they may be acting by 
increasing the endogenous levels of polyamines. Since polyamines are 
freely mobile within apple spurs (Bagni et al., 1984), examination of 
both leaves and fruit are necessary. Seeds within fruit contain 
gibberellins that may move to bourse buds and inhibit flower bud 
initiation (Chan and Cain, 1967). 
BA application (100 mg-liter'1) at either FB+3 or FB+18 days 
decreased the diamine putrescine in developing fruitlets collected at 
FB+22 days (Table 10), and also increased return bloom (Table 12). This 
is the opposite result of what was expected to occur. However, fruit 
were only collected at this one time during their development, and 
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polyamine levels during other periods of fruit development may have more 
consequence. 
Return bloom data on 'Golden Delicious' provided no evidence to 
support the hypothesis that BA increased flowering by increasing 
polyamines. There was no effect of gibberellins or BA on polyamine 
levels during fruit development (Figure 7, 9). The slight increase (0.1 
to 1.1 blossom clusters•cm'1 limb circumference) in return bloom, by BA 
in Experiment 7, is believed to be of minor importance. In Experiment 
9, where return bloom was greatly enhanced by BA treatment (0.1 to 9.9 
blossom cluster-cm'1 limb circumference), there was no appreciable effect 
of the cytokinin on polyamines within the developing fruit (Figure 15). 
There is limited evidence to support the promotive role of 
polyamines in flower bud initiation. The positive effects of polyamines 
in Nicotiana tabacum may be attributed to the onset and progression of 
cell division rather than to specific promotion of floral 
differentiation (Torrigiani et al., 1987). Increases in polyamines in 
apple tissue may be secondary and associated with increased cell 
division, and not differentiation. Also, polyamines in developing apple 
fruit may be of minor - importance. Leaves, spurs, or buds may be more 
important in terms of the connection between flowering and polyamines. 
This was partially supported with results in Experiment 9, where return 
bloom is increased in the GA4//7 plus BA treatment from 0.1 to 1.7 blossom 
cluster-cm'1 limb circumference, and a sharp decrease in leaf spermidine 
was observed following growth regulator treatment (Figure 16). 
In conclusion, these data do not support an involvement of 
polyamines in flower bud initiation in apple. 
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Polvamines and Fruit Abscision in Apple 
"Abscission is a sequence of processes whereby multicellular 
organs such as leaves, flowers, or fruits, become detached from the 
parent body" (Osborne, 1989). Conditions which inhibit abscision 
include actively growing tissue (cell division and cell enlargement) and 
photosyntheticly active tissue. Reduced levels of polyamines have been 
associated with senescence (Altman and Bachrach, 1981; Evans and 
Malmberg, 1989; Galston and Kaur-Sawhney, 1987b; Kaur-Sawhney and 
Galston, 1979). Evans and Malmberg (1989) suggested that exogenously 
applied polyamines may retard senescence, and that the lowering of 
endogenous polyamine levels may be an important event in triggering 
senescence. Polyamines may be linked to the senescence promotive growth 
regulator ethylene through SAM (Slocum et al., 1984). In young actively 
dividing plant tissue, radioactive studies have shown that the amino 
moiety of SAM is directed to polyamine synthesis via decarboxylated SAM. 
In mature non-dividing tissue, the metabolism of SAM is shifted toward 
the formation of ACC, a direct precursor of ethylene. Exogenously 
applied polyamines may inhibit ethylene synthesis (Apelbaum et al., 
1981; Suttle, 1981). Conversely, inhibition of ethylene synthesis with 
Aminoethoxyvinylglycine (AVG) stimulated the incorporation of SAM into 
spermidine (Even-Chen et al., 1982). A strong positive correlation 
exists between ethylene and abscision (Osborne, 1989). 
Fruit growth slows just prior to the initiation of abscision 
(Fukui et al., 1984; Zucconi, 1981). This reduction in fruit growth was 
observed in BA-treated fruit from Experiment 9 (Figures 13, 14), and in 
the large fruit on shaded limbs (Figures 20, 21). 
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Poly-amine fluctuations in developing apple fruit may be directly 
related to fruit abscision. Biasi et al. (1988) found that abscision 
was accelerated in 'Golden Delicious' when polyamines in the developing 
fruit were low or decreasing. Peaks occurring in putrescine and 
spermine may have occurred just prior to abscision events (Figures 7, 
12). The fluctuating levels of putrescine in small 'Idared' fruit 
(Figure 22), the fruit more likely to abscise in a cluster also supports 
work of Biasi et al. (1988). Shaded and unshaded fruit may be abscising 
at different times, which explains the differences observed in 
fluctuating putrescine levels in the small 'Idared' fruit. Putrescine 
concentration was lower in BA-treated fruit from Experiment 5 (Table 
10), a treatment that increased abscision. Polyamine concentrations 
were not influenced by growth regulator treatment in other 'Golden 
Delicious' experiments, but fruit abscision was not influenced by the 
treatments either. 
There was not a consistent relationship between apple abscision 
and decreasing polyamines. In Experiment 9, when abscision was clearly 
increased with growth regulators, there was little reduction in 
polyamine concentration in the fruit (Figure 15). Although unlikely, 
inconsistencies may be due in part to differences between cultivars, 
'Cortland' and 'Idared' versus 'Golden Delicious', which differ 
naturally in fruit set during the 'June Drop' period. 
Differences in fruit polyamine activity on limbs manipulated to 
promote abscision by chemical or physical means may be brought about by 
different mechanisms. This may be reflected in the leaf cytokinin data. 
When BA was applied to promote fruit abscision, almost 50-fold increases 
were observed in trans-zeatin riboside-like activity in the leaves 
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(Table 20). In the 'Idared' shading experiment, where abscision was 
manipulated through shading, leaf trans-zeatin riboside-like activity 
was only doubled with shade (Table 27). 
Shading reduced the putrescine and spermidine concentrations in 
the leaves of 'Idared' (Table 27). While some of this can be explained 
by the decrease in leaf dry matter, there is still a significant 
difference in putrescine concentration when expressed on a dry weight 
basis. The lower polyamine concentration in leaves may be related to 
later fruit abscision. In addition, the lower polyamine concentration 
in the leaves may also be due to the stress that the leaves themselves 
are under with a 92 percent shading treatment. Shaded leaves took on 
different physical appearance while they were under the 92 percent shade 
cloth. The color of the shaded leaves was muted and the leaf edges were 
curled rather than flat. Leaf color and shape returned to normal a few 
days after the shade cloth was removed. Quite a number of the leaves 
that had been shaded abscised. The possibility also exists that under 
the low light conditions, polyamines may have been used as a nitrogen 
source. Putrescine is oxidized to yield ultimately pyrroline NH3 and 
H202 (Smith, 1985). Kaur-Sawhney et al. (1982) reported that ADC 
activity and polyamine levels fell when excised oat leaves were placed 
in the dark. 
Initial increases observed in leaf putrescine in Experiment 9 
(Figure 16) may be a reaction to BA-induced stress. Plants exposed to 
mineral stress, osmotic stress, and acid stress develop high putrescine 
levels (Galston, 1983). However, this initial reaction appears to be 
short lived. The BA treated limbs then decreased to levels comparable 
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to limbs not treated with BA and in BA+GA4/7 treated limbs. Where all 
the fruit abscised, leaf spermidine decreased quite dramatically. 
The effect of exogenous application of polyamines may not 
necessarily be related to levels measured in fruit and leaves. This is 
a problem in demonstrating that polyamines are limiting to growth or 
some other process under investigation. Exogenous polyamines are not 
always metabolized in the same manner as endogenous polyamines (Le 
Rudulier and Goas, 1977). Compartmentation may play an important role. 
A high level of endogenous polyamine may not mean that they are 
effective in influencing processes which may occur outside of the 
compartment containing the polyamine. The concept of compartmentation 
is supported by studies of the metabolism of externally applied 
cytokinins, which do not mimic the patterns of metabolism of endogenous 
cytokinins (McGaw et al., 1984), and enzymes associated with amino acid 
metabolism also appear to be compartmentalized (Miflin and Lea, 1977). 
BA is metabolized differently when it is applied to intact roots as 
compared to rootless shoots in tomatoes (van Staden and Mallet, 1988). 
In senescence assays, synthetic cytokinins such as BA and kinetin are 
more active than natural cytokinins such as zeatin and zeatin riboside 
(Letham and Palni, 1983; Tao et al., 1983). However, when the 
cytokinins were supplied through the xylem in the transpiration stream, 
instead of by application to a leaf surface, the activity of natural 
cytokinins was equal to or above that of BA (Garrison et al., 1984). 
Exogenous gibberellins promote sizeable stem elongation in intact plants 
(Metraux, 1987). However, once stem tissue is excised, most stem 
tissues lose their ability to respond to exogenous gibberellin. 
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Growth of stem and coleoptile sections correlates better with the 
amount of auxin that diffuses out of the tissue than with total 
extractable auxin (Scott and Briggs, 1962). Unfortunately, many 
hormonal extractions are done on whole shoots, roots, and fruits, which 
do not take into account specific quantitative and qualitative 
differences between adjacent organs, or cell compartments (Davies, 
1987a). 
Most previous work with polyamines in apple looked at the direct 
consequence of exogenous application of polyaraines on flowering and 
fruit set. Little is known about the endogenous levels of polyamines 
and how they relate to physiological events. It may have been useful to 
follow polyamines contained in apple seeds separate from the developing 
fruit. 
In conclusion, there is some evidence to support the involvement 
of polyamines in fruit set in apple. 
Benzvladenine-induced Cytokinin Formation in Apple Leaves 
BA application increased trans-zeatin riboside-like levels in 
apple leaves (Tables 20, 28). These results are contrary to a report 
that BA added to the culture medium for in vitro propagation of Wild 
Cherry (Prunus avium L.) did not increase the natural levels of zeatin, 
zeatin riboside or isopentenyladenine (Label et al., 1988). Trans - 
zeatin riboside is the primary cytokinin in apple xylem sap (Jones, 
1973). This increase in cytokinin is reminiscent of autocatalytic 
ethylene production (Mattoo and Aharoni, 1988; Smith and Hall, 1984). 
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Exposure of some ripening fruits and senescing tissues to ethylene 
increases ethylene production (Yang and Hoffman, 1984). 
Auxins, gibberellins, and abscisic acid (ABA) do not exhibit an 
autocatalytic response (Reinecke and Bandurski, 1987; Sponsel, 1987; 
Walton, 1987). Applied indole-3-acetic acid (IAA) to plants is readily 
converted to IAA-glucose and IAA-aspartate (Cohen and Bandurski, 1982; 
Riov and Gottlieb, 1980). Hormonal homeostasis of free IAA is 
maintained by conversion to these conjugates. There is no evidence in 
support of autocatalytic gibberellin production. Application of [13C, 
3H]GA20 to dwarf pea is converted to GAj, which in turn is rapidly turned 
over and does not accumulate (Graebe, 1987). Native and applied 
gibberellin A20 in intact developing pea seeds have been shown to be 
metabolized at the same rates (Sponsel and MacMillan, 1977). 
Unfortunately, the constituents of ABA biosynthesis are relatively 
unknown (Neill et al., 1984; Walton, 1987). Exogenously applied labeled 
ABA is readily converted to ABA metabolites which have little or no ABA 
activity. 
BA itself is cross-reactive with the immunoassay but it is very 
unlikely that it can account for the dramatic increase. The reported 
cross reactivities of BA with the trans-zeatin riboside immunoassay are 
low, less than 4 percent (Badenoch-Jones, et al., 1984; Idetek, Inc. 
1985; Trione et al., 1985; Weiler, 1980). 
Alternatively, it may be possible that the BA itself, due to the 
high rate of foliar application, entered the leaf in sufficient quantity 
to increase reactivity on the immunoassay despite the low rate of cross 
reactivity. Although BA was applied at 100 mg-liter'1, the actual amount 
of BA that was applied to the leaf was on the order of 75 pmoles BA per 
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leaf, for an average spur leaf weighing 600 mg fresh and 173 mg dry 
(data not shown). Eight to 20 and 63 percent uptake of [14C]BA from the 
abaxial surfaces have been reported for citrus leaves (Zhu and 
Matsumoto, 1987) and mature apple leaves (Wang and Rom, 1987), 
respectively. If one assumes that a maximum of 30 percent of the BA 
penetrated the leaf (Mao, 1990), then the average leaf absorption was 
22.5 pmoles BA. This is equal to 12.9 pmoles-100 mg'1 dry leaf tissue. 
If leaf tissue was subjected to immunoassay analysis as outlined, and 
100 percent cross-reactivity is assumed, a yield of 0.00635 
pmole-0.1 ml'1 would be obtained. This is an amount below the 
detectability of the immunoassay. If one assumes 100 percent 
penetration of BA and 100 percent cross-reactivity, this still would 
only yield a value of 0.0215 pmoles-0.1 ml'1 with the immunoassay, within 
the range of detectability but not enough to account for the increases. 
Therefore the high trans-zeatin riboside-like levels found in the BA 
treated leaves are not due to a direct measurement of the applied BA. 
Another possible explanation for increased trans-zeatin riboside 
activity in the BA-treated leaves is that perhaps a BA-metabolite 
contributed to the increase. A BA metabolite which chromatographs with 
adenine formed within 2 hours in cultured elm shoots (Biondi et al., 
1984). BA metabolites include adenosine, adenine, ribosylbenzyl- 
adenine, ribosylbenzyadenine monophosphate, glucosyl-3-benzyladenine, 
glucosyl-7-benzyladenine, and glucosyl-9-benzyladenine (Auer et al., 
1990; Forsyth and van Staden, 1987; McGaw et al., 1984; van Staden et 
al., 1990). These metabolites also have low cross-reactivity with the 
trans-zeatin riboside immunoassay (Badenoch-Jones, et al., 1984; Idetek, 
Inc. 1985; Trione et al., 1985; Weiler, 1980). Even if 100 percent 
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cross-reactivity and 100 percent BA uptake occurred, this still would 
not account for the initial 47-fold increase (Table 28) in cytokinin 
activity observed in the BA-treated leaves. 
BA itself or a metabolite of BA may be exerting its effects in 
apple by stimulating an endogenous increase in trans-zeatin/trans- 
zeatin riboside production. Trans-zeatin riboside-like activity 
increased dramatically only two hours after BA application (Table 28). 
Therefore it is probably BA itself that stimulated the increase, 
although it has been reported that a BA metabolite which chromatographs 
with adenine formed in elm shoots cultured in vivo only two hours after 
BA application (Biondi et al., 1984). Unfortunately, most studies with 
the fate of labeled BA do not begin measurement until at least 24 hours 
after incubation (McGaw et al., 1984). Therefore, it is unclear how 
quickly BA is metabolized by plant tissue. 
The lack of literature reporting this cytokinin induced cytokinin 
formation is not surprising. In studies where the fate of labeled 
cytokinin is followed, the level of naturally occurring cytokinin is 
generally not monitored. In addition, much of this work is performed on 
isolated organs (McGaw et al., 1984), so results obtained may be 
artifacts of wounding. Observations made on cytokinin levels in organs 
from intact plants are generally made on untreated tissue (McGaw et al., 
1984). If the tissue is treated at all, it is certainly not treated 
with either a synthetic or naturally occurring cytokinin. In addition, 
the possibility that this autocatalytic cytokinin production is limited 
to apple can not be ignored. 
In conclusion, these data do not support the suggestion that 
exogenous gibberellin application reduces flower bud formation by 
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reducing the levels of endogenous cytokinins. However, there is 
coTtelling evidence to show BA-induced cytokinin production in apple 
leaves. 
1-9 

Table 29. Experiment 2. Analysis of variance for the variables 
weight, calcium, magnesium, and potassium in developing 
fruit. 
Source Weight Calcium Magnesium Potassium 
Replication (R) * * kkk NS 
Gibberellin (G) * ** kk NS 
Calcium modifier (C) NS NS NS NS 
G X C NS NS NS NS 
R (G X C) error A 
Time (T) kkk kkk kkk kkk 
T X G NS NS k NS 
T X C NS NS NS NS 
T X G X C NS NS * NS 
’ ’ "^Significant at 
respectively. 
P=0.05, 0.01, or 0. 001, or not s ignificant, 
Table 30. Experiment 3. Analysis of variance for the variables 
weight, calcium, magnesium, and potassium in developing 
fruit. 
Source Weight Calcium Magnesium Potassium 
Replication (R) NS kkk kkk kk 
Gibberellin (G) kkk NS NS NS 
Calcium modifier (C) NS NS NS NS 
G X C 
R (G X C) error A 
NS NS NS NS 
Time (T) kkk kkk kkk kkk 
Linear kkk kkk kkk kkk 
Quadratic kkk kkk kk NS 
cubic k NS k *** 
T X G kkk NS NS NS 
T X C NS NS NS NS 
T X G X C NS NS NS NS 
v*,’**'NSsignificant at P=0.05, 0.01, or 0.001, or not significant, 
respectively. 
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Table 32. Experiment 6. Analysis of variance for the variables 
weight, putrescine, spermidine, and spermine in developing 
fruit, before treatments were applied. 
Source_Weight Putrescine Spermidine Spermine 
Replication * •kk NS NS 
Time kkk kk kk 
Linear kkk NS NS NS 
Quadratic kkk kk kk kkk 
Cubic kk NS NS NS 
Ouartic ** * * kkk 
VV” ^Significant at P=0.05, 0.01, or 0.001, or not significant, 
respectively. 
Table 33. Experiment 6. Analysis of variance for the variables 
weight, putrescine, spermidine, and spermine in developing 
fruit, after treatments were applied. 
Source Weight Putrescine SDermidine Spermine 
Replication (R) NS kk NS 
Treatment (T) 
R X T (Error A) 
NS NS NS NS 
Time kkk kkk kkk kkk 
Linear kkk kkk kkk kkk 
Quadratic kkk kkk kkk kk 
Cubic NS NS NS NS 
Quartic NS kkk NS NS 
Time X T NS NS NS NS 
** ***'NSs ignif icant at P=0.01 or 0.001 or not significant, respectively. 
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Table 34. Experiment 7. Analysis of variance for the variables 
weight, 
fruit. 
putrescine , spermidine, and spermine in developing 
Source Weight Putrescine Spermidine Spermine 
Replication (R) NS NS NS NS 
Treatment (T) 
R X T <Error A) 
* NS NS NS 
Time *** *** NS 
Linear ■HHt *** NS 
Quadratic SHIrk ** * NS 
Cubic NS *** * NS 
Time X T 
■ *« **» v»c __ 
** NS NS NS 
'-^Significant at P-0.05, 0.01, or 0.001, or not significant, 
respectively. 
Table 35. Experiment 8. Analysis of variance for the variables 
weight, putrescine, spermidine, and spermine in developing 
fruit before signs of abscision. 
Source Weight Putrescine Spermidine Spermine 
Replication (R) NS NS ** NS 
classification (C) *** NS k * 
R X C (Error A) 
Time *** *** k kk NS 
Linear *** *** kkk NS 
Quadratic ** k NS 
Cubic ** kkk NS NS 
Time X C NS NS NS 
* ** *** * . r. 
" Significant at P-0.05, 0.01, 0.001, or not significant, 
respectively. 
Table 36. Experiment 8. Analysis of variance for the ! variables 
weight, putrescine, spermidine, and spermine in developing 
fruit after signs of abscision. 
Source Weight Putrescine Spermidine Spermine 
Replication (R) k ** ** NS 
classification (C) 
R X C (Error A) 
*** NS * NS 
Time *** *** kkk kkk 
Linear •kkk kkk kkk kkk 
Quadratic kkk kk NS NS 
Cubic NS * NS NS 
Time X C *** NS NS * 
• * ^Significant at P-0.05, 0.01, 0.001, or not significant, 
respectively. 
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Table 37. Experiment 9. Analysis of variance for the variables 
weight, putrescine, spermidine, and spermine in developing 
fruit. 
Source Weight Putrescine Spermidine Spermine 
Replication (R) * ** ** 
GA NS NS NS NS 
BA * NS NS NS 
GA X BA 
R X (GA X BA) 
NS NS NS NS 
Time kkk kkk kkk kkk 
Linear kkk kkk kkk kkk 
Quadratic ■kick NS NS NS 
Cubic kkk kkk kkk k 
Time X GA NS NS NS NS 
Time X BA kkk ** NS NS 
Time X GA X BA kkk NS NS * 
' ’ ’Significant 
respectively. 
at P=0.05, 0.01, 0.001, or not significant, 
Table 38. Experiment 9. Analysis of variance for the variables 
putrescine, spermidine, and spermine in developing leaves. 
Source Putrescine Spermidine Spermine 
Replication (R) NS kk NS 
GA NS NS NS 
BA ' NS NS NS 
GA X BA ■ NS NS NS 
R X (GA X BA) 
Time kkk NS NS 
Linear kkk NS NS 
Quadratic NS NS NS 
Time X GA NS NS NS 
Time X BA ** NS NS 
Time X GA X BA NS NS NS 
*****’NSSignif icant at P=0.01, 0.001, or not significant, respectively. 
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Table 39. Experiment 10. Analysis of variance for the variables 
weight, putrescine, spermidine, and spermine in developing 
fruit. 
Source Weight Putrescine St>ermidine Spermine 
Replication (R) NS *** NS NS 
GA * NS NS NS 
BA NS NS NS NS 
GA X BA 
R X (GA X BA) 
NS NS NS NS 
Time *★* * 
Linear •k~k-k *** ** 
Quadratic *** NS *** NS 
Cubic *** NS *** NS 
Quartic NS NS NS 
Quintic NS NS NS NS 
Time X GA ** NS NS NS 
Time X BA NS * NS NS 
Time X GA X BA NS NS NS NS 
• * ^Significant at P=0.05, 0.01, 0.001, or not significant, 
respectively. 
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